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Abstract 
Abstract 
Molecular mechanics techniques have been applied to transition metal complexes. In 
addition to the determination of many relevant crystal structures, the two major 
projects carried out were: a) molecular structures within the crystalline forms of 
copper(I) ligated by phosphine and alkoxide or aryloxide ligands, and, b) modes of 
binding of salicylaldimine derivatives for metal salt extraction and transport. 
Copper(I) complexes with phosphine and alkoxide or aryloxide ligands are observed 
to crystallise in five different structural motifs - Cu(OR)(PR3)2, Cu(OR)(PR3)3, 
Cu2(OR)2(PR3)2, Cu2(OR)2(PR3)3 and Cu2(OR)2(PR3)4, The formation of these 
structural motifs was rationalised in terms of electronic and steric effects. Electronic 
effects were correlated with the pK. a of the alkoxide or aryloxide ligand. Steric effects 
were treated using molecular mechanics calculations. Parameters for molecular 
mechanics were obtained from the Cambridge Structural Database based on an 
analysis of 1085 crystal structures. The results show that the formation of molecular 
structures can indeed be justified this way, and some structures have been predicted. 
Molecular mechanics calculations were employed to model the possible structures 
formed in solution by novel classes of ditopic ligands which extract metal salts. 
These use pendant tertiary amines to encapsulate an anion, and thus transport of the 
entire "metal salt". Parameters for molecular mechanics were obtained from the 
Cambridge Structural Database based on an analysis of 1105 crystal structures. The 
results enabled rationalisation of the poor performance of the original design, which 
was based on salenH2 systems with dialkylaminomethyl groups in the 5-position, with 
sexadentate ligands synthesised by the introduction of longer groups with donor 
atoms into the disalicylaldiminato bridge. The molecular mechanics study enabled 
the design of species with improved geometries for anion encapsulation. 
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Chapter 1 —An introduction to molecular mechanics 
1.1 Why use molecular mechanics? 
Molecular modelling has been with us since chemists first tried to explain 
experimental observations at a molecular level in the mid-1800s 1 . Since then many 
different methods of modelling 2 have been developed, culminating in the advanced 
mathematical approaches seen today. One of the great achievements of the past 50 
years has been the ability to model compounds to a high degree of precision, using 
only the Schrodinger equation 3 . Ab initio methods combined with computing 
equipment are currently such that it is often easier to calculate a simple structure, 
rather than make it experimentally. This is one of the huge advantages of 
computational methods over experimental. However, for many larger systems, 
ab initio calculations are impractical due to the large amount of computational time 
required3 . 
Molecular mechanics is a simple "ball-and-spring" approach 2, described in greater 
detail later in this chapter. The sizes of the balls and stiiThess of the springs are 
determined empirically, by the choice of parameters to reproduce experimentally 
observed values2. Steric effects force the model away from the pre-defined idealised 
geometry. Ball-and-spring models can generally reproduce steric effects quite well, 
by measuring the associated steric strain energy 4. Additionally, molecular mechanics 
calculations are computationally cheap by comparison with other methods 3. This 
makes them suitable for very large systems (such as proteins and DNA), as well as 
smaller molecular systems requiring a high throughput of molecules, quick decisions 
or less precise parameter values than those provided by more computationally 
demanding methods. 
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1.2 What is molecular mechanics? 
Molecular mechanics is the use of a simple model to reproduce the behaviour of 
atoms within molecules3 . The behaviour of the atoms is actually governed by 
quantum mechanical effects, but these can be modelled with classical mechanics for 
the computation of molecular structure 5 . The parameterisation method and the values 
are not necessarily intrinsically meaningful, but are only important in terms of the 
quality of agreement between computed and observed data 3 . The set of forces and 
parameters (both bonded and non-bonded) used in the model is known as the "force 
field". Different force fields can give results of similar quality despite using very 
different parameters and parameterisation methods 6 ' 7 . 
M1M2, the first molecular mechanics force field intended for routine use with organic 
systems was developed by Allinger et al in 19718  and 1977g. In 1982 Burkert and 
Allinger'° produced the first definitive text on molecular mechanics. Since then the 
field has truly exploded: 380 articles with the phrase "molecular mechanics" in the 
title or abstract have appeared in the eight months from January 2001 to August 2001. 
Many force fields are available with different functions, aimed at organic systems, 
(M1M29 MM3") inorganic systems (ESFF 12) and biological macromolecules 
(AMBER13, CHARMM14). Other generic force fields have also been introduced, with 
the aim of treating any system (tiFF' 5, Dreiding' 6). All of these force fields have 
advantages and disadvantages, which need to be taken into account prior to selecting 
which methodology should be applied to a particular system. It is one of the generic 
force fields, the Universal Force Field (UFF 15), which is used throughout this thesis. 
The reasons for this are explained in section 1.4. 
-3- 
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1.3 Mechanism of molecular mechanics simulations 
A molecular mechanics structure optimisation calculates the "Total Energy" of the 
structure as functions of deviations from an idealised geometry 3. This idealised 
geometry is contained within the force field parameters. Etw is equal to the sum of 
the energy terms associated with bonded and non-bonded interactions (Equation 1.1). 
Etotai EbofldCd + Enon..bonded 	Equation 1.1 
includes all bond stretch, valence angle, torsional angle and inversion terms, 
and Enonbonded includes Coulomb potentials and van der Waals interactions. The fact 
that an energy minimisation is measuring the deviation from an idealised geometry 
explains the need for a well-parameterised force field. If the idealised geometry is 
inaccurate, then the structure optimisation will be correspondingly poor. 
1.3.1 Bonded parameters 
The chemical bond is defined in terms of two atom types, which will often also define 
the bond order. An equilibrium, or ideal bond distance (r o), is defined by the two 
atom types, as is a force constant (kb) defining the force required to distort the bond. 
In the simplest case, as in the Universal Force Field version 1.02 (UFF) 15 the 
potential which describes this distortion is the harmonic Hooke's Law (Equation 
1 .2)517.  The atom types are fully transferable into any stenc environment because the 
parameters r0 and kb remain independent of any steric effect. Both kb and TO are 
functions of the two atom types. 
EbOfld = /2 kb (r - r0)2 	 Equation 1.2 
Where 
r 	= Actual bond length (A) 
ro = Equilibrium bond length ( A) 
kb 	= Force constant for bond deformation (kcal mo!' A-2 ) 
A variety of approaches have been used to model valence angle bending. Within the 
UFF' 5 this is modelled by a small cosine Fourier expansion in a (Equation 1.3). This 
was chosen over the more common harmonic in a because of improved description of 
-4- 
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large amplitude motions, such as in molecular dynamics simulations". Torsional 
angles are also modelled by the same cosine Fourier expansion" (Equation 1.3). 
m 
EQ = ka L C, cos ml 	Equation 1.3 
n0 
Where 
a 	= Actual bond angle (°) 
C. = Coefficient chosen to satisfy boundary conditions, including that 
the function have a minimum at Oo. 
k. 	= Force constant for angle deformation (kcal mol) 
Inversion terms are included for atoms P, As, Sb and Bi, with the force constant for 
inversion for all other atoms set to 015. 
The force constants for both bond stretching and angle bending terms are based on a 
generalisation of Badger's rules ' 8 . For the bond stretching term between two atoms, I 
and J, this results in Equation 1.4. The effective atomic charges are fitted by least-
squares to a set of diatomic data representing 56 elements 19. All other Z*  are 
interpolated or extrapolated. The force constants for angle bending are similarly 
derived". 
kb = 664.12 (Z*Zj* / r1 3) 	Equation 1.4 
Where 
r 	= Bond length between two atoms I and J ( A) 
kb 	= Force constant for bond stretch ( kcallmol/A 2 ) 
Z" = Effective atomic charge, (electron units). 
Two simple examples of systems that can be modelled solely with energy terms for 
bonded parameters to give a representation of the potential energy surface (PES) are 
the hydrogen and water molecules (H2 and H20). In hydrogen there are only two 
atoms with a single bond between them, thus only one parameter requires 
optimisation. With nothing else to influence it, the bond length r quickly falls down 
into the minimum at r0 (Figure 1.1). The triatomic molecule water has two bonds and 
an angle to optimise. However, the two bonds are equivalent, thus only two 
parameters require optimisation. The result is a PES that resembles an Ordnance 
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The shape of the PES well for water (Figure 1.1) illustrates another important point. 
Bond lengths are much more precisely defined in both molecular mechanics and 
observations than are bond angles. A bond angle will typically vary by a greater 
amount than a bond length. It is observed in the schematic of the PES well that the 
walls of the potential for r increase more steeply than those for a. In general, in 
decreasing effect on the energy of the species, bond stretching terms> angle bending 




Figure 1.1 - Schematic diagrams of the PES for a diatomic (H 2 ) and a triatomic (H 20) 
1.3.2 Non-bonded parameters 
Non-bonded interactions include all other interactions, such as van der Waals forces, 
Coulomb potentials, hydrogen bonding and solvent and crystal-packing effects. Only 
the first two interactions will be discussed here, as all other interactions are neglected 
in the molecular mechanics calculations in this thesis, or taken account of using other 
terms2 . 
Steric factors are important in both modelling projects. Quantification of plausibility 
of structures has been achieved by assessing interatomic potential s' 7, described by the 
Lennard-Jones 6-12 potential as shown in Figure 1.2. The potential describes the 
attraction and repulsion between two atoms as a function of the distance between 
them20, the minimum lying at the sum of the van der Waals radii (EvdW). The first 
term (the "6" term) dominates the van der Waals attraction regime 20 and the "12" term 
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dominates the repulsion regime 20. A "close contact" occurs when the distance 
between the two atoms is less than YJvdW'. The curve crosses over from attractive to 
repulsive 20 at 0.891 x EvdW If an interatomic distance of less than 0.891 x EvdW 
exists, then the model is regarded as unrealistic 20 . 
Repulsion regime 
6 r 12 
- 	 r1 
van der Waal 	fr:tI(,i r 
40 	 Minimum energ. 
:timumgeometP' 
i 	j 
Figure 1.2 - Diagram of a Lennard Jones 6-12 potential 
In small molecules coulomb forces can be included in other potentials', such as bond 
stretch and valence angle terms, particularly for very specific, well-defined systems, 
or can be defined separately. The UFF was designed for use with the charge 
equilibration method 21  (QEq) of Rappé and Goddard. This method uses only readily 
available experimental data - atomic ionisation potentials and electron affinities - and 
atomic radii to calculate partial charges for atoms in a molecule. This is done using 
the idea of equalisation of chemical potential which allows the charge to flow from 
less electronegative to more electronegative atoms 21 , and the charges produced are 
geometry dependent. Of the two modelling projects within this thesis, one does not 
use charges (Chapter 5), while the second does (Chapter 8). 
MAS 
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1.4 Introduction to the Universal Force Field 
The performance of a force field in a specific application depends critically on its 
parameterisation3 . Certain force fields are only suitable for very specific systems (e.g. 
zeolites22). Transition metals in particular are often very poorly parameterised, 
because of the intrinsically greater difficulty in parameterisation, and the vastly 
greater number of possible coordination geometries. Organic modelling is limited to 
the possibilities available with carbon and a few other elements, whereas inorganic 
systems have a far greater range of elements and geometries. The Universal Force 
Field" (UFF) is broadly applicable over the whole periodic table and has the capacity 
to apply a broader range of parameterisation than any other force field currently 
available3 . It achieves this versatility by use of an underlying philosophy which 
allows generation of both bond and non-bond parameters without their prior explicit 
definition. Throughout this thesis the UFF is applied using the Open Force Field 
module within the commercially available program CERIUS2 17 . 
The elements in the UFF are the atom-types and atom types are assigned to individual 
atoms on the basis of element and connectivity 5 ' 23  These atom-types include all the 
elements, with numerous geometries for many of the atoms. Some elements (usually 
organic) are well parameterised already within the UFF. For example, four different 
types of carbon atom type are available, whereas only one copper atom type is 
available ' 5 . This particular atom type (designated Cu3+1) is suitable for some 
tetrahedral Cu' atoms, but would not be a suitable treatment for a trigonal planar Cu', 
nor a square-planar Cu 11 . Customisation of the UFF is therefore usually required, and 
the information for custonusation can be derived from experimentally determined 
crystal structures. 
An example of how parameterisation can affect a structure is provided with the 
molecule Cu(acac)2, where acac stands for acetyl acetonate. The crystal structure of 
this compound 24  has been determined and a square planar copper atom is observed 
(Figure 1.3). if this is modelled with the default atom types available a tetrahedral 
copper atom is modelled (Figure 1.3). This is because no square planar copper(H) 
atom-type exists within the default UFF1.02. This emphasises the need for force-field 
customisation. 
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C 
A 
Figure 1.3 - The crystal structure (left) of Cu(acac) 2 compared to the modelled structure using the 
default UFF L02 atom types. This demonstration underlines the need for customising the force-field. 
Cu is shown in blue, C in grey. 0 in red and H in beige. 
A live-character naming scheme is used in the UFF for the atom types -
13 . The first 
two characters specify the element of the atom type, with an underscore being used 
for elements with only a single letter specifier (e.g. C_ for carbon). Up to three 
characters are then used to specify some of the distinguishing properties of the atom 
type. For example, an aromatic carbon atom is described by atom type C_R, and a 
tetrahedral copper(I) atom by Cu3+1. The "3" character is the internal command for a 
tetrahedral geometry and +1 signifies the oxidation state. The UFF, coupled with 
good parameterisation, has proved remarkably versatile in work previously performed 
at Edinburgh25, as well as elsewhere26, with a total of 527 articles citing the original 
force field up to August 2001. 
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1.5 Introduction to the Cambridge Structural Database 
The Cambridge Crystallographic Data Centre (CCDC) 27 was established by Kennard 
in 1965 at the Department of Chemistry of the University of Cambridge, to undertake 
the compilation of a computensed database containing comprehensive data for 
organic and metal-organic compounds studied by X-ray and neutron diffraction. 
Version 5.21 (April 2001 release)28 of the Cambridge Structural Database (CSD) 
contains crystal structure information for 233,218 organic and metal organic 
compounds. 
With the advent of powerful search and data analysis tools 29, the CSD became 
possibly the most useful tool for the structural analyst, with millions of pieces of data 
at ones fingertips. Two of the most useful structural papers 30'3 ' produced from the 
CSD analysed the structures available, and then entered International Tables Volume 
C32, to be quoted as the "standard" bond lengths and angles observed for organic 30 and 
inorganic3 ' crystal structures. Mean values and standard deviations for bond lengths 
and angles can easily be extracted from the CSD. 
This has raised new issues as regards quality of data and what is an acceptable 
standard deviation for a bond length or bond angle. Standard deviations on bond 
parameters for organic compounds are generally found to be smal1 33, but this is not 
always the case for inorganic metal ligand bonds. Orpen and Martin 33 ' 34, have 
described the variance (o) of a bond length between two elements as in equation 1.5. 
0.2 
=(Fc + (Y 2 + 0e 	 Equation 1.5 
Where 
a 2 = Variance due to variations in molecular environment 
= Variance due to variations in crystal environment ("czystal packing forces"). 
= Variance due to experimental uncertainties. 
A standard deviation of 0.01 - 0.02 A is observed across o values for bond lengths 
when effects of a, are removed from the equation. Similarly, typical values for a for 
bond angles are in the range 1-2°. These results are largely due to effects of a 1,, which 
is much greater than the 0e  values reported for most crystal structures. This has 
implications for the findings in Chapters 4 and 7 of this thesis, and is discussed there. 
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Despite the ease with which searches can be performed, statistical analysis of large 
numbers of structures is not as widespread as it might be, and most users search the 
CSD for specific structures. Additionally, error reporting within the CSD is not 
performed routinely (the CCDC estimate that only 1-2 errors a month are reported to 
them35). Chapter 2 in this thesis is devoted to identifying and dealing with errors in 
statistical samples of structures. 
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1.6 Using the CSD to parameterise force fields 
With the quantity of data available within the CSD, it is an ideal tool for 
determination of ro and ao values for use in molecular mechanics calculations. 
Returning to the example of Cu(acac)2 introduced in section 1.4, if a search is 
performed within the CSD for a four-coordinate copper atom ligated by two acetyl 
acetonate groups, then three structures are observed 24' 36 . All three contain a square 
planar copper(11). This information could be used to parameterise a system 
containing Cu(acac) fragments. 
In this work we have used molecular mechanics to rationalise and predict the 
formation of solid state structures (Chapters 3-6), and to rationalise the extraction 
behaviour of a complex in solution (Chapters 7-9). The calculations have been 
performed with no interactions around the outside of the molecular structure. CSD 
crystalline data were used to parameterise the force field for both systems. Although 
these statements seem to indicate an inappropriateness of the method for use in this 
situation, this is still a reasonable approach to take. It has already been seen that the 
effect of crystal packing forces a, only causes a standard deviation of 0.01 - 0.02A in 
a bond length33 ' 34, or 1 - 20  in a bond angle. This suggests that these solid-state 
interactions will not exert much influence on the "gas phase" structure, especially if a 
large sample set can be used. In particular, parameters central to the molecular 
structure will remain unaffected, although some variations might be expected in the 
precise orientation of a tnphenylphosphine or i-butyl group. Obviously, the 
interaction of a solvated species with the solvent cannot be observed in this way, and 
there is an argument for suggesting that the solid state form could well be reasonably 
different from the solvated form. However, as solvation is currently a relatively 
poorly understood topic (compared to crystal structure), parameterisation would 
currently be very difficult for these solvated species, although advances are constantly 
being made. The use of the CSD to provide modelling parameters is now a well-
established method37' 38 . 
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1.7 Summary of methodology 
In summary, molecular mechanics is very useful for the type of transition metal 
systems studied in this thesis. In particular, use of the broadly applicable and easily 
parameterisable UFF' 5 is suited to such systems. The use of CSD (and indeed other 
databases) to provide molecular mechanics parameters is well documented for both 
organic37 ' 38 and inorganic25 ' 37 systems. It is probably the most useful tool available to 
the structural scientist, and it is ideal for parameterising the UFF 1 5' 25' 37 
The methodology and approach to the molecular modelling can be described thus. 
Identify the problem. This includes identify the system of interest and 
what information is desired, including the precision. 
Identify the appropriate method. This includes identifying the type of 
calculation, taking into account the type and precision of information desired. If 
molecular mechanics is the chosen type of calculation, then the force field must also 
be chosen. 
Check the appropriateness of the calculation for the system. Assuming 
the calculation to be molecular mechanics, check the appropriateness of the atom 
types for the system, comparing them to a sample set from the CSD. 
Parametense if necessary. 
Perform the calculation. The results of the calculation need to be analysed 
with care. 
This is the approach used for the two projects in this thesis. Chapters 3 and 6 deal 
with parts a and b, Chapters 4 and 7 with parts c and d and Chapters 5 and 8 with part 
e for the individual projects. 
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2.1 Introduction 
Important tools available to the modem day structural scientist are the 
crystallographic databases, namely the Protein Data Bank, the Inorganic Crystal 
Structure Database and the Cambridge Structural Database. The Protein Data Bank' 
(PDB) contained 15,953 structures in the latest (4 Sept 2001) release and the 
Inorganic Crystal Structure Database  (ICSD) contained 61,775 structures in the 
2001-01 release. However, by far the largest quantity of crystal data is to be found in 
the Cambridge Structural Database  (CSD), with 233,218 structures available to be 
searched in the April 2001 release. In addition to the quantity of information, there 
are also versatile search and visualisation programs 4 available to extract the relevant 
data easily. The data are available free of charge to academic users within the UK 
through the Central Database Service  (CDS). 
The Cambridge Crystallographic Data Centre (CCDC) 6, who maintain and distribute 
the CSD, state that they make no judgements as to the chemical or crystal validity of a 
structure, with the exception of obvious mistypes, maintaining that the work is 
validated by the peer review process. However, with the quantity of crystal data 
being published, some structures slip through the net, meaning that as well as useful 
information, some structures within the CSD also contain information that is 
unreliable or misleading. 
Recently the refinement program CRYSTALS 7 has had a feature introduced in to it to 
compare bond lengths and angles in a refined structure with the values seen in the 
CSD3. This represents a growing awareness of the need to automate the structure-
checking process, as data collection, solution, and refinement becomes simpler and 
more routine. It is important to recognise the limitations and problems inherent within 
these database methods whilst at the same time highlighting their usefulness to the 
analyst. 
Although some work has been done to rectify current errors, in particular the efforts 
of Marsh 8,9  to highlight systematic errors such as incorrect assignment of space 
groups, error-reporting is not as widespread as it might be. The Cambridge 
Crystallographic Data Centre estimate' ° that only one or two structures a month are 
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brought to their attention by users of the database. This chapter aims to highlight a 
few of the more common problems, along with a suggested method for identifying 
them by the use of statistical methods, including a few examples of structures with 
errors that have been identified. 
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2.2 Common structural errors 
In his papers on structures with incorrect space groups, Marsh 
8,9  identifies large 
numbers of structures assigned the wrong space group - 279 in P1 rather than P1, 75 
in Cc as opposed to C21c and many others. Perhaps surprisingly, 157 of the P1 
structures are due to simple typographical errors, with the crystallographic bar 
missing in the database, yet present in the paper. Baur and Kassner" compiled a list 
of 221 structures that had been originally described in space groups of unnecessarily 
low symmetry. This is indicative of a much wider problem in crystallography 
involving transfer and transcription of data. It is a simple error to type in two cell 
dimensions in the wrong order, or simply to get two digits in an atomic positional 
parameter back to front. This is a very persuasive argument for electronic transfer of 
data, particularly in an age where computers are so powerful, and networks allow 
virtually instant transfer to anywhere in the world. All numbers are then transferred 
rigorously, and this could avoid some of the embarrassment of retractions of 
statements made in previous papers, or even getting "Marshed"! Simple errors like 
this can have an effect on both bonded and non-bonded parameters. If a bond 
distance lies along a mistyped cell length then the bond distance will be affected, yet a 
small error may not be noticed. 
Most errors manifest themselves in the same way, affecting both the bonded and non-
bonded parameters in a structure. By studying the outlying values in a statistically 
significant set of data carefully, it can be possible to pick up structural errors more 
quickly and easily than sifting through every structure. Although this is no guarantee 
of identifying every problem, a significant improvement to the statistical distribution 
can be observed. 
Some structural and chemical insight is required to distinguish mistakes from genuine 
anomalies, but a powerful indicator of errors is that the structure is an outlier in more 
than one distribution. Therefore by studying other better-known parameters in a 
problem structure (e.g. a comparison of C—C bond lengths in a benzene ring) a 
judgement can be made about the validity of a particular structure. 
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This chapter will deal first with identifying individual structures with common 
problems, then some of the less common errors, and finally briefly discuss some 
systematic errors within the database in the following order. 
2.3 Poor data 
2.4 Incorrect space group 
2.5 Incorrect symmetry operators 
2.6 Mistyped cell dimensions 
2.7 Mistyped atom positions 
2.8 Incorrectly assigned atoms 
2.9 Systematic errors 
2.10 Hydrogen atom errors 
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2.3 Poor Data 
Many unusual parameter values are simply 
- 	 caused by poor data. A weakly-diffracting 
CT3 - CITI 	 crystal that gives a structure with a 
crystallographic R-factor of 18% is probably 
not going to have as accurate bond lengths 
Figure 2.1 - The search fragment used to 	as a strongly diffracting crystal with a 
show the effect of poor data. The C-Cl 
parameter is shown in light greeen and the similar structure and an R-factor of 4%. To 
notation T3 and Ti is chosen to concord 
with the notation in the CSD. The solid 	this extent, use of the filters provided within 
line represents a single bond and dotted 
lines indicate any bond 	 the CSD search programs is strongly 
recommended. A search of version 5.21 of 
the CSD3 for the crystallographic fragment shown in Figure 2.1 (using the filter 
specifying only organic structures), with various filters based on R-factor, yielded 
3815 structures 12, with the results shown in Figure 2.2 and Table 2.1. 
It can be surmised from the shapes of the distributions in Figure 2.2 that the vast 
majority of the crystal structures containing this fragment yield similar values for the 
C--CI bond length, and the mean values vary very little over the four distributions. 
However, the quality of the data is emphasised by studying the standard deviation and 
the range of the four distributions. Although the standard deviation is close to the 
value of 0.02 A (suggested by Orpen' 3) for all distributions, the standard deviation 
decreases as progressively stricter filters are applied. The range is narrowed 
significantly as the R-factor is decreased, indicating a better fit of the data. A search 
giving a smaller data set would in general see larger values in the standard deviation. 
An important point is that the number of fragments is decreased significantly by the 
application of the filters with tighter restrictions. Although this is not a problem for a 
search with a large number of hits (such as this one), the lack of data can present 
problems as the number of hits decrease. 
Another filter that can be used is the value of ac—c,  which measures the standard 
deviation of all C—C bonds within a structure. It is applied by hand in this thesis. 
Care must be taken when using it, as a structure with no C—C bonds will not match 
the filter. A suggested filter for a smaller set of data that has yielded good results both 
-21- 
Chapter 2— Using parameter statistics to identzfr CSD crystal structure errors 
in this paper and elsewhere  14-11-16  is Rf :!~ 0.05, or Rf !~ 0.075 (0.07 in some papers) 
with ac.c :!~ 0.03. The quality of the standard deviation is significant when examining 
statistical distributions. Orpen and Martin have treated this' 1,17 and explained how 
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Figure 2.2 - Figure showing the distributions of searches within the CSD using various filters. All 
structures have the organics only filter ticked. From top left to bottom right, the filters applied are 
none. Rf !:-~ 0. 1. R :!~ 0.075 and R1 :!~- 0.05. All graphs are on the same scale. Although the shape of 
all four distributions remain the same, a large difference in the size of the statistical set is observed, as 
is a difference in the cua1itv of the information obtained (Table 2.1) 
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Filter Mean (A) S. D. (A) Nfi.ag Mm (A) Max (A) Range (A) 
(Nstruct)  
None 12 1.729 0.022 7938 1.521 2.100 0.579 
(3815)  
Rf :!g 10' 1.729 0.020 7439 1.522 2.100 0.578 
(3566)  
R1 .-!9 7.519  1.729 0.019 6640 1.551 2.100 0.549 
___ ____________  (3160)  
R~52° 1.728 0.016 3877 1.637 1.835 0.198 
 (1860)  
rable 2.1 - The effect of applying the R f fflters on searches for C—Cl bond lengths. The significant 
differences as the successive filters are applied are the decrease in the size of the statistical set, the 
range of the values and the standard deviation of the sample. All searches had the "Organics only" 
filter applied. 
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2.4 Incorrect space group 
Marsh5 has highlighted the presence of structures with space groups given incorrectly 
in the CSD. A particularly common error is to refine structures belonging to the 
centrosymmetric space groups C21c and P1 in the non-centrosym metric subgroups 
Cc and P1. Correct identification of the space group can be critical, because 
correlation between parameters is introduced and the assumption that all parameters 
are independent is no longer valid if symmetry is missed out. The problem is most 
serious if the missing symmetry element is an inversion centre as this can lead to ill-
conditioning, which has a tendency to give a large variation in parameters that are, in 
reality, identical. Very powerful stabilising algorithms are currently implemented in 
refinement programs and so, rather than blow up, a geometry will refine to a point 
dependent on computer rounding errors. Typical observations for this type of 
problem would be a range of values for a particular bond length, with outlying values 
at either end of the distribution corresponding to the same problem structure. 
Figure 2.3 - Showing the molecule CERPAQ. I .4-butanediyl-bis(p-chlorobenzoate). This structure 
was originally solved and refined in P1 rather than the true space group of P1. Correlation between 
the two C—Cl bond lengths gives a variation in the P1 structure that is not seen in the P1 version. Cl 
is shown in green. 0 is red. C is grey and H is beige. 
An example of this can be found in the distribution for the C—Cl bond described in 
section 2.3. Structure CERPAQ 2 ' (Figure 2.3) has been solved and refined in space 
group P1. Attempts were made to solve and refine it in P 1 and these all failed 
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However, the structure is shown clearly to be in P1, with Z' = 'A, by the program 
Missym in Platon22, and two repetitions of the structure (CERPAQO1 23 and 
CERPAQ02 24) have also found the space group to be P1. The aforementioned 
variation in bonded parameters is also seen in the original structure, with the two 
values for identical C—Cl bond distances being 1.708(5) A and 1.752(5) A. These 
are seen to be both 1.741 A in both of the redetermined structures, one of them by the 
authors of the original paper with Mars h 23 . No standard uncertainties were given in 
either of the structure redetermination papers. The discussion in the paper goes some 
way to explaining how a simple error such as this can occur. In this case the problem 
was due to poor data in the Okl plane. 
One final point of interest is structures that have approximate centres of symmety. 
Marsh  has found that of the 483 valid examples of space group P1 with Z> 1 (up to 
October 1998), approximately 90% are chiral. Of these, it is suggested that as many 
as a third have a pseudo-inversion centre, although there appears to be no strict 
definition of the phrase "approximately centrosymmetric". The tendency for crystal 
structures to be centrosymmetric, even when they cannot be exactly so has been noted 
before 25 , and seems to be significant in the crystallisation of small molecules. 
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2.5 Incorrect symmetry operators 
Although this could be considered to be a subset of section 2.4, it is treated separately 
because it can be very difficult to identify using bonding parameters. Section 2.4 
deals with structures that have been refined in the incorrect space group. Here the 
intention is to examine structures that for some reason or other have been placed in 
the wrong space group after refinement. For example, mislabelled cell axes can occur 
if a crystal refinement is transferred from a non-standard space-group to the 
standardised setting (or even to a different non-standard setting) to enable easier 
comparisons of structures. If a structure in Pn21a is transformed to Pna21 without 
swapping cell axes b and c then this would occur. Another case when the symmetry 
operators may be wrong would be a structure in P2 1 1n being changed to P211c, but 
after inputting the symmetry operators the space group axes remained unchanged. 
Both of the suggested examples would result in noticeable alterations to the bond 
parameters in a residue, unless the cell axes in question were very similar in 
magnitude. An example is a structure (CSD refcode ITEZXAL 26, 
hexafluoroisopropoxo-tris(triphenylphsophine)-copper) with a non-standard origin 
position. This structure, in space group Pn2 1a (a non-standard setting of Pna2i), is 
correct in version 5.2 13  of the database, but a search in version 5.1827  would have 
seen some unusual features. Table 2.2 lists the symmetry operators found in the old 
and corrected versions of the structure. 
CSD Version 5.18 CSD Version 5.21 Symmetry operation 
X, 	y, 	z x, 	y, 	z 1 
'/z+x, 	y, 	Y2-z Y2+x, 	y, 	-z a glide ic 
V2-x, 	Y2+y, 	'/2+Z -x, 	'A+y, 	'/2+Z n glide ±a 
-x, 	'/2+y, 	-z Y2-x, 	Y2+y, 	Y2-z 2 1 axis along b 
Table 2.2 - Showing the symmetry operators or me oia ana correctea versions or me structure 
HEZXAL. 
In version 5.18 of the CSD27, the standard symmetry operations for Pn21a are used, 
whereas in the corrected version the origin is displaced by (1/4,  ¼, ¼). This has the 
effect of altering the contacts between molecules in different asymmetric units, whilst 
leaving the molecules themselves exactly the same. Thus, in version 5.18"', a 
calculation of the close contacts 28 reveals a large number of unrealistically close 
intermolecular distances (Figure 2.4), the shortest of which is an H... H contact of 
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0.47 A. The altered structure in version 5.21 shows no unusually short contacts. No 
mention is made in the paper of the non-standard origin position. 
Figure 2.4 - Showing the close contacts (dotted lines) between non-bonded atoms in both the old 
(left) and corrected structures of HEZXAL. An unreasonably close contact is calculated in the 
molecular modelling program Cerius2 as being less than 0.891 times the sum of the van der Waals 
radii. F is shown in yellow, Cu is cvan. 0 is red. P is purple. C is grey and H is beige. 
This paper 26  is a good example of the importance of being aware of the 
crystallographic "standards". There is nothing intrinsically wrong with the structure, 
but because no mention was made of the non-standard space group, the structure was 
chemically and crystal lographicall y unreasonable. 
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2.6 Mistyped cell dimensions 
Simple typographical errors are a very common (and very human) source of error in 
crystal structures. Most crystallographers will have experienced this at some point, 
and cell dimensions are particularly prone to this. Unfortunately a simple typing of 
two numbers in the wrong order here can have a profound impact on the bond 
parameters, with any bond lying parallel to a mistyped cell dimension being subject to 
elongation or contraction. The overall refinement statistics are left virtually 
unchanged by a cell dimension error. Typographical errors are a powerful argument 
for electronic data transfer, which should prevent these human errors. A typical sign 
of this problem is elongated or shortened bond lengths in a particular direction. 
A good example of this is a structure (CSD reference code TUFHEH, 
tetrakis(triphenylguanidino)-di-molybdenum tetrafluoroborate) published in Inorganic 
Chemistry29 . The original paper claimed to see an unprecedented increase in Mo-
Mo distance upon oxidation of both molybdenum atoms from oxidation state four to 
five. The Mo—Mo distance was quoted as being 2.2902(12) A in the original 
paper29, and 2.1194(12) A in the correction 30 . This is a significant difference and 
resulted from a transcription error at the start of structure analysis when the c cell 
dimension was given incorrectly as 25.5 73(7) A, instead of 23.573(7) A. Other 








Bond I Length in original structure (A) Length in corrected structure (A) 
Mol—Mo2 2.2902(12) 2.1194(12) NJ C1B—N1B 1.447(11) 1.350(10) 
C1A—N1A 1.434(11) 1.347(11) NJ C1B—N2B 1.425 (11) 1.361(10) 
C1A—N2A 1.385(11) 1.324(11) El C1B—N3B 1.357(11) 1.351(10) 
C1A—N3A 1.379(11) 1.373(11) NJ Mol—MC 1 	2.153(7) 2.145(7) 
Table 2.3 - Some of the elongated bond lengths (A) m the dinuclear molybdenum complex, 1UrFthH, 
influenced by incorrectly recorded value of the c cell dimension. 
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2.7 Mistyped atom positions 
As for section 2.6, these errors can mainly be described as human error. 
Unfortunately, a small mistype in an atom positional parameter can be difficult to 
spot, so many will get past the refereeing process. This type of error is typified by 
reasonable values for all parameters with the exception of any involving the one atom 
with a mistyped coordinate. These can be quite small errors and often it is only the 
fact that every parameter for an atom is an outlier that highlights where the problem 
is. The CCDC usually identify these errors. Additionally an Ada check 
31  on the 
crystallographic information file (dl) will check that the distances calculated from the 
coordinates correspond to those reported. 
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2.8 Incorrectly assigned atoms 
An incorrectly assigned atom, although not a 
C 	
i 	 common error, can occur but is usually very 
- - 
	 easy to spot in a statistical analysis of data. 
112 
, 	
C4 	The most obvious indication of this type of 
Figure 2.5 - A sulfonamide fragment 	error is to see a few extremely unusual bonding 
used for the CSD search. The 
nunibering scheme used within th is 	parameters, in particular bond lengths. 	A 
section is indicated. 
search in version 5.21 of the CSD 3  for the 
sulfonamide fragment (Figure 2.5) reveals 373 fragments from 316 structures 32 with 
Rf :-!-~ 0.075. By studying the three bond length distributions S303", S3_0313  and 
S3—C4, and the torsion angle C'—N 2—S3—C4, some curious features emerge. The 
C'—N2—S3—C4 torsion angle distribution (Figure 2.7) has an outlying peak at 
178.4°, corresponding to the anti-conformer. However, all other structures adopt a 
syn-configuration. As Figure 2.7 shows, this structure (CSD refcode YABM1X33, 4'-
(2,3 -methyl enedioxyacridin-9-ylamino)-methanesulfonyl-m-anisidine hydrochloride) 
also exhibits a short S 3—C4 bond distance (1.423(4) A) and a long S3_03A  double 














-i1 -150 -120 -90 -60 -30 	0 	30 60 90 120 150 180 
CNSC Torsion angle (°) 
Figure 2.6 - Distribution of the C'—N2—S3--C4 torsion angle in 316 sulfonamide structures with 
Rf :!~ 0.075. The outlying value for CSD reference code YABMIX 33 is indicated by the red circle. 
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outlying peak, with this distance for YAB MIX 33 being 1.423(3) A. These values are 
listed, with the mean values for the search, in Table 2.4. Note that although some 
bimodal distribution might be anticipated for the S 3—C4 bond distance, depending on 
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S303A bond (A) 	
S303B bond (A) 
Figure 2.7 - Distributions of S3—C4. S3__03A and  S3__03B  bond lengths in a statistical sample of 
sulfonamides with R1:5; 0.075. The unusual S 3—C4 and S3._O3A  bond lengths in CSD structure 
YABMIX are highlighted by red circles. 
Length in Standard No. of Minimum Maximum 
Bond YABMIX Mean (A) Deviation Fragments value (A) value (A) 
(A) _______ (A)  
S3—C4 1.423(4) 1.760 0.024 373 (316) 1.423 1.849 
S3_03A 1.780(6) 1.432 0.020 373 (316) 1.404 1.780 
S3__OSB 1423(3) 1.431 	- 0 . 010 373 (316) 1.396 1.485 
Table 2.4 -The S'—C. S'—(Y" and S—O" bond lengths in USD structure YALiMIA compareci to 
the mean values from the search of the CSD. The large ranges observed for the S 3—C4 and S3_03A 
bonds are due to the values observed in YABMIX. 
-31- 
Chapter 2 Using parameter statistics to identify CSD crystal structure errors 
In this particular case C 4 is a methyl group (Figure 29). The bond distributions give 
the standard bond lengths, calculated from the CSD version 5.21 and shown in Table 
2.4. International Tables 15,34  quotes similar standard bond lengths of 1.430(9) for a 
S3=03 bond and 1.758(18) and 1.758(13) for S 3—C4 bonds with aliphatic and 
aromatic carbon atoms respectively. The oxygen atom originally designated 
should really be atom C4 (Figure 2.8), and vice versa. This corrects the value of the 
C'—N2—S3--C4 torsion angle to 67.4°, right in the centre of the parameter 
distribution. Without the corrected YABMIX structure included in the distribution, 
the mean values of S 3—C4 and S3 03" are not seen to change greatly, but the 
standard deviations of the distributions are greatly decreased to values of 1.761(16) A 






Figure 2.8 - The original (uncorrected) structure of YABMIX. The S3__03s  appears visibly longer 
than the S3__03B  and S3—C4 bond lengths. 
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2.9 Systematic errors 
The sulfonamide group (Figure 2.5) can also be used to illustrate how statistical 
analysis of structural parameters can be used to identify systematic errors within 
structures in the database, and to explain unusual observations. A study of the sum of 
the three angles around atom N 2 in the 316 observed CSD structures gives the 
distribution in Figure 2.9. This is not a typical normal distribution curve, as can be 
seen by comparing it to the equivalent distribution for amide nitrogen groups (Figure 
2.9). 
This discrepancy is caused by an error in the geometric placing of the sulfonamide 
hydrogen atom H 2 in calculated positions and can be seen to be systematically wrong 
throughout the database. Many crystallographers have previously assumed co-
planarity of the sulfonamide N—H, N—C and N—S bonds when placing the 
hydrogen atom in a calculated position for refinement, presumably along the bisector 
of the C—N—S angle. These structures provide the large number of recurrences 
where the sum of the angles is 3600.  DFT calculations suggest that the distribution of 
bonds about sulfonamide nitrogen atoms is not planar 35 . In the past the difficulty of 
being able to place hydrogen atoms accurately on the difference map with heavier 
atoms such as sulfur present has encouraged researchers to use calculated positions of 
H-atoms for refinement. However, modern instrumentation is such that good data 
now makes it possible to locate H-atoms. Eight different sulfonamide ligand 
- 	 •••••••f 	
r'.iLt& hi I I I 1,1 I I IIiI I 
320 325 330 335 340 345 350 355 360 










320 325 330 335 340 345 350 355 360 








Figure 2.9 - The sum of angles around the nitrogen N 2 atom in sulfonamides (left) and amides (right). 
The amide distribution is a much more typical S-curve. The sulfonamide distribution is affected by the 
geometric placing of hydrogen atoms along the bisector of the S—N--C angle. 
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structures with Rf :!~ 0.05 (as well as an additional 7 with Rt' ~! 0.05) have been 
characterised at Edinburgh  36, all of which have the hydrogen atom H 2 placed on the 
difference map. The planarity of the nitrogen atom N 2 for the Edinburgh structures 
with Rf :!~ 0.05 is shown in Table 2.5. All crystals were supplied by Clare Squires and 
Chris Baxter. All structure determinations were performed by the author. The crystal 
data is included in the supplementary information (Appendix B on the attached CD). 
Table 2.6 lists the sulfonamide structures. 
Structure R1 S-N---C (°) S-N-H  (°) C-N-H  (°) (°) 
2-1 0.0473 119.9(2) 110.3(27) 119.7(27) 349.9(38) 
2-2 0.0391 121.73(15) 110.4(17) 117.0(17) 349.1(24) 
2-3 0.0304 126.66(11) 111.8(13) 115.6(13) 354.1(18) 
2-4- part A 0.0359 121.6(2) 112.4(31) 119.7(31) 353.7(44) 
2-4-part B 0.0359 121.0(2) 113.4(26) 113.2(27) 347.6(38) 
2-4-part C 0.0359 122.8(2) 111.7(22) 120.0(23) 354.5(32) 
2-5 0.0354 120.90(11) 110.9(12) 116.9(12) 348.7(17) 
2-6- part A 0.0378 118.8(3) 110.2(20) 121.3(20) 350.3(28) 
2-6- part B 0.0378 122.1(3) 117.6(21) 111.6(22) 351.3(31) 
2-7 0.0333 118.49(9) 109.7(11) 115.4(11) 343.6(16) 
2-8- part A 0.0287 122.6(2) 116.5(22) 116.4(23) 355.5(32) 
2-8-part B 0.0287 119.6(2) 111.7(26) 119.0(27) 350.3(38) 
Mean 121.3(22) 112.2(25) 117.2(29) 350.7(34) 
Table 2.5 - Showing the nitrogen planarity in the Edinburgh sullOnamide structures. The structures 
are described in Figure 2.10. All structures were solved and refined by the author. Distance restraints 
were used on H2 atoms for structures 2-4 and 2-6. The part statements identify crystallographically 




















Ts 	2-5 2-6 2-7 2.8 
Table 2.6 - Showing structures 2.1 to 2.8 perfOnned at Edinburgh. Is is an abbreviation for tosyl 
groups, (p-methylphenylsulfoxy groups), -S02--C6H4-p-CH3 . 
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Our comparison of sulfonamides and amides has yielded the surprising result that 
although the structurally well-characterised amide group is associated with an anti 
configuration of the C 1—N2--C 3—C4 torsion angle, section 2.8 showed the 
sulfonamide C 1—N2—S3--C4 torsion angle is always associated with a syn-
conformer. The nitrogen N2 atom is seen to be non-planar in sulfonamides, contrary 
to the geometric constraints placed on many structures within the CSD. All the 
Edinburgh structures support the idea of a non-planar nitrogen atom, as do both DFT 
and MP2 ab-initlo studies of the sulfonamide group35 '37 . None of the database 




Positio 	B for 
H2 - o - same 
side from C. 03A 	side as C4. 
Figure 2.10 - Newman projection of 
a sulfonamide down the N 2—S3 
bond. Atom N2 is shown in blue and 
S3 is shown in yellow. The two 
possible positions for the hydrogen 
atom H2 bound to a non-planar 
nitrogen are shown. The observed 
hydrogen position is seen to be B. 
One final observation about the C 1—N2—S3--C4 
torsion angle and the position of the hydrogen 
atom H2 can still be made. As the nitrogen is non-
planar and the C'—N2—S3--C4 torsion angle 
gives a syn-configuration, there are two possible 
positions for the hydrogen atom (A and B in 
Figure 2.10). By measuring the mean H2—N2-
S3—C4 torsion angles in all the CSD structures 
with non-planar N2 atoms (structures where the 
sum of the angles around the nitrogen is less than 
359°), a value of 83(20)° was obtained for 255 
fragments (after a transformation of the negative 
values). This indicates that the hydrogen atom H 2 is almost always in position B in 
Figure 2. 10, as position A would see a value much closer to 180°. This is borne out 
by the Edinburgh structures, 2-1 to 2-8 (Table 2.7). A charge density study on an 
appropriate sulfonamide is planned to study this conformational observation further. 
A neutron study would also benefit this work. 
Structure CNSC (°) HINSC (°) •I Structure CNSC (°) RNSC (°) 
2-1 57.87(31) -87(3) NJ 2-5 -65.51(14) 76.9(13) 
2-2 -72.79(19) 70.3(18) IN 2-6- part A 63.1(4) -83(2) 
2-3 58.20(16) -93.1(14) NJ 2-6- part B 71.4(4) -74(3) 
2-4- part A 75.2(3) -77(3) U 2-7 -70.60(12) 64.9(11) 
2-4 - part B 60.8(3) -79(3) MI 2-8 - part A -72.7(3) 83(3) Ed 24 - part C -67.4(3) 86(3) U 2-8 - part B -69.8(3) 76(3) 
Table 2.7 -The values of the two torsion angles UNSU and HNSU compared to 5110w tHat me 
hydrogen atom If lies in position B. The mean HNSC torsion angle in the Edinburgh structures, after 
transformation to positive values, is 79(8)°. 
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Despite these observed experimental results, both DFT and MP2 calculations 35 ' 37 
suggest that this is not the global minimum energy structure for sulfonamide 
molecules in the gas phase. Both calculations suggest a total of two minima, rather 
than the three suggested in Figure 2. 10, with the syn-C 1—N2—S3—C4 torsion angle 
observed in the solid state being the higher in energy. The lower energy structure 
exhibits an approximately eclipsed structure, with both N2—H2 and N2—C1 bonds 
eclipsing S3-0 bonds. An interesting crystallographic challenge would be to grow 
crystals of a sulfonamide molecule exhibiting this "gas-phase" structure. 
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2.10 Hydrogen atom errors 
Hydrogen atoms can be difficult to find on a difference map, particularly in the 
presence of a heavier atom. This is because the X-ray scattering factor of an atom 
increases in proportion to Z. Thus, in an extreme example, as the intensities of the 
diffraction peaks are proportional to Z 2, each iodine atom in iodoform will contribute 
2809 times more to the overall intensities in the diffraction pattern than the hydrogen 
atom. H-atom positions in such cases are usually calculated geometrically from the 
heavy atom framework. As has been demonstrated in section 2.9, errors may be 
encountered in this procedure. 
The other effect of X-ray diffraction on hydrogen atom positions is that any bond to a 
hydrogen atom will be measured as being too short. This is again an effect of the 
single electron contributed by the hydrogen. This electron is distorted away from the 
hydrogen nucleus into the bond, and with no core electrons to diffract, the hydrogen 
atom appears closer to the other nucleus than is actually the case. Errors can be 
minimised by normalising the bond length to standard values determined by neutron 
diffraction. 
In general, hydrogen atoms within the CSD are a large source of error. Mistakes in 
geometry, misassignment of peaks in the difference map as hydrogen atoms and 
errors in calculating H-atom positions are all commonplace. However, correct H-
atom positions can be calculated and added to structures after extracting them from 
the database, and this is the best way to deal with this source of error. The problem of 
finding hydrogen atoms in X-ray crystallography has been largely resolved. 
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2.11 Conclusions 
This chapter has used examples to illustrate the important point that a study of a 
statistical sample can give a huge advantage over a study of one or two unique 
structures. In fact, the study of one structure gives little or no usable data as there is 
no context in which to set the information. The sulfonamide example (section 2.9) is 
an example of how the database can be used to solve a problem that one individual 
crystal structure cannot. It would be difficult to determine whether or not the nitrogen 
atom N2 was planar from a single structure due to the poor determination of hydrogen 
atom positions from X-rays, but the CSD information is able to give strong evidence 
for a nitrogen atom with slightly pyramidal character. 
We have shown that although the CSD can provide a huge quantity of information, it 
can occasionally be unreliable. Most commonly this is due to mistakes made during 
structural analysis. All unusual data should therefore be treated with a healthy degree 
of scepticism. Error reporting is far less widespread than it ought to be. It is only by 
checking unusual structures and informing the CCDC of mistakes that the database 
can be improved. Full use of symmetry checking programs (e.g. MISSYM within 
PLATON22) should be made and facilities for checking unusual bond lengths and 
angles against the large sample sets within the CSD, such as that available within the 
structure refinement program CRYSTALS 7, or within PLATON22 should be 
encouraged. Consistency checks within a structure itself are also important - what is 
the range of observed bond lengths for similar bonds in similar chemical 
environments, and is this range reasonable. 
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Chapter 3 
Structural studies of alkoxy- and 
aryloxycopper(I) phosphine complexes 
for the "liquid metals" project 
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3.1 Introduction 
One of the most important properties of metals is their electrical conductivity'. In 
ordinary electrical wires the metal of choice is copper, due to its conduction properties 
and price', with gold being used only in high performance components. The 
manufacture of small electrically conducting components, such as circuit boards, 
however, leaves much to be desired, with today's chemical knowledge not utilised to 
its full extent. Avecia and Seiko-Epson are keen to rectify this and apply their ink-jet 
printing know-how to the cheap and simple manufacture of circuit boards. This 
requires new compounds designed with specific properties, and this research 
addresses this issue, using the reduction of copper(I) compounds to produce copper 
metal. 
3.1.1 The "liquid metals" project 
The work described in this chapter relates to copper complexes used in research 
funded by Avecia and Seiko Epson into what are termed "liquid metal" inks (Figure 
3.1). 
31. INK-JET PRINT CIRCUIT PATTERN 
WITH "LIQUID METAL" INK 
21. APPLICATION r-1 











CIRCUIT BOARD [11J-ti 
HEAT 
= 






Figure 3.1 - A summary of the principle of the liquid metals project. The intention was to design 
compounds with controlled and well-understood decomposition pathways to enable simple yet fast 
and efficient printing of circuit boards. 
The idea behind the project involves developing metal complexes which are stable 
under ambient conditions, yet which would give controlled rapid decomposition of the 
metal complex to generate metal(0) upon non-chemical treatment i.e. heat or light. In 
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addition the complexes need to be stable to aqueous hydrolysis and have high 
solubility in "low environmental stress" solvents, e.g. water or alcohol 2 . The ultimate 
goal for these compounds was to be able to ink-jet print a circuit pattern using the 
"liquid metal ink", before treating with heat or light and washing to remove any 
ligand or other decomposition products. The metal which has been selected to meet 
these requirements is copper(1). There are two possible methods of depositing the 
metallic copper - either by disproportionation or full reduction (Figure 3.2). The 
compounds chosen were designed to undergo full reduction to copper(0). 
2 Cu' —--* CU  + Cu" 	Disproportionation 	EO = -10.37 V 
Cu' + & 	 10 . 	Cu° 	Full Reduction 	EO = +0.52 V 
Figure 3.2 - Scheme showing the disproportionation reaction of Cu(I) in contrast to full reduction 3 . 
3.1.2 Introduction to copper(I) structural chemistry 
Holloway and Melnik4  in 1995 published a comprehensive study of the structural data 
available for copper(I) compounds published up to 1992. The three most common 
coordination numbers (accounting for the vast majority of copper(I) complexes) are 2 
(linear), 3 (trigonal planar) and 4 (tetrahedral) 4. However, only when Raithby, 
Shields, Allen and Motherwel1 5  published their paper in 1999 was any attempt made 
to correlate the observed stereochemistries using statistical methods, and this only for 
4-coordinate copper(I) species. Thus 3-coordinate copper(I) structural chemistry 
remains largely unexplored. 
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3.2 Structural studies to support "liquid metals" 
development 
As part of this liquid metals project a range of aryloxycopper(I) phosphine complexes 
was prepared by Mr David Coventry. In order to characterise these fully and to 
attempt to develop structure/activity relationships to allow identification of 
compounds with the appropriate thermal stability for deposition of copper(0) 
circuitry, X-ray crystal structure determinations were undertaken on four structures, 
shown in Table 3.1. 
Phosphme Phenol Product 
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Table 3.1 - Structures of the tour compounds prepared at tile teginnmg ot me nquia metais project 
The three different structural motifs observed prompted an investigation of similar 
structures recorded in the CSD 6. A total of 12 such structures (Table 3.2) was 
identified, plus one structure with a dialcohol ligand (3a-2), with six different, yet 
related structural motifs (Table 3.3). 
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Ph\ R3P" 	' PR 
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0 ipr*p, 	 cH 
3c-2 - CSD code 









P 	 _ - Qi 	Cu—,3 
3d-1 - CSD code 	3d-1 - CSD code 	3d-3CSD code 
RIINREX13 LESMLF'4 CICMEG'5 
R Ph 	 Ph 	 Ph 
t13 	 ,k.. 	,,t3 .,.L 
E R3P11 	 1PR3 , M3F, 	 Ph,F:, CU" 	Cu 	 Cu 	Cu 	 Cu 	Cu 
Cu 	Cu ph,p 	 "FF'r,, 	Me3 	Cr 	"ph43 	R13P' 	 'fl'h, 
R3P'O" 	PR3 I,,, L L 02P2 







R 3  Ph 	 ' Th3 
3f-1 - CSD code RUNRAT19 
Table 3.2 - The twelve related USI) structures, plus We ciiaiconoi structure, KflOWfl at me stun oi me 
"liquid metals" project. 
The six structural motifs for alkoxycopper(I) and aryloxycopper(I) phosphine 
complexes, shown in Table 3.3, all have copper(I) centres showing coordination 
numbers 3 or 4. All possible permutations of donor sets having at least one oxygen 
atom and one phosphorus atom in the coordination sphere i.e. 0P2, 02P, 0P3, 02P2 
and 03P are observed. This shorthand is the most convenient way to refer to a 
particular structural motif, with each group being unique with the exception of the 
mixed coordination structural type, which will be referred to as the ½(04P3) type. 
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Type Structural motif No. of Cu coordination 
structures Number 	Sphere 
OR 
A 27 .8 3 OP2 
R3P" 	"PR3  
OR 
B 2" ° 4 Øp 














R3P11 	 •1 PR3 
316.17.18 4 02P2 
R3P 	'O' 	"PR3 
R11 .".0— cu-11PR3 
F 
R3Pi.'t0R 1 19 4 
R3P 	"IR 
"PR3 
'Fable 3.3 - A ne  six siruciural mouis CI ciystai SLrUcLWS pisitt LU um, uataua. 
locally. The search identified all copper complexes bound solely to phosphine and alkoxide or 
aiyloxide groups. At least one of each type of ligand was defined as being present. The compounds 
were then examined manually to check for errors and to confirm that the oxidation state of the copper 
atom was +1. 
The structural data obtained from these and other crystal structures within the CSD 
were used to aid a molecular modelling investigation to attempt to rationalise the 
dependence of structure on the nature of the alkoxide and phosphine components 
(chapter 4) and to model structures (chapter 5). In order to test some of the rules-of-
thumb established from the modelling, three new compounds (3c-3, 3g-1 and 3g-2) 
were prepared and their structures predicted and investigated (chapter 5). 
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3.3 Experimental details 
3.3.1 Atom labelling 
In order to aid comparisons a common numbering scheme is used throughout these 
structures. Copper atoms are numbered from Cu  to CuX where X is the number of 
crystallographically independent copper atoms. Each ligated oxygen atom is 
numbered from 011 to OY1, where Y is the number of crystallographically 
independent [0]-ligands 20 . The carbon atom attached to OY1 is designated as CYI and 
the rest of the [O]-ligand is numbered in a logical fashion from CY2 upwards. Each 
ligated phosphorus atom is labelled from P1 to PZ where Z is the number of 
crystallographically independent [P]-ligands 21 . The three carbon atoms attached are 
numbered arbitrarily from CZAI to CZC1 and the remainder of any organic fragment 
is numbered logically in sequence. When distances between symmetry equivalents are 
noted, symmetry operations are abbreviated to $1, $2 etc., these codes being defined 
as necessary. An example of the numbering scheme is described in Figure 3.3 for a 













Figure 3.3 - Diagram illustrating the numbering scheme. using structure of type 0 2P2, with phenolate 
and trimethvlphosphine ligands. 
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3.3.2 Crystallography: Methods 
A list of all structures determined for this part of the "liquid metals" project is 
provided in Table 3.4. Crystal data, diffraction data-collection and refinement 
parameters for compounds 3a-1, 3c-1, 3c-3, 3e-1, 3e-2, 3g-1 and 3g-2 are given in 
Table 3.5. All samples were supplied by Mr David Coventry. Any unusual solution 
and refinement features are included in Table 3.4. The standard methods used are 
described below. 
The data obtained with the Bruker SMART APEX CCD and the StOe Stadi-4 four-
circle diffractometers were collected in the Dept. of Chemistry, The University of 
Edinburgh, using graphite-monochromated sealed tube Mo or Cu-K u X-ray sources. 
Data integration was performed using the program SAINT 22 . Absorption corrections 
were either applied using the method of Blessing 23  with the programs SORTAV23 or 
SADABS24, by a numerical method using the crystal faces to define the crystal 
shape 21,  or by applying a semi-empirical method based on the measurement of 
azimuthal or q)-scans 26 . 
All structures were solved using either direct methods with programs SIIELXTL 27 or 
S1R9228 or using Patterson methods29 with SHELXTL27. All structures were refined 
against F2 using the program SHELXTL and the results of the refinement are included 
in the tables. The Flack parameter" was refined for structure 3e-2, the only structure 
in a non-centrosymmetric space group. An extinction parameter was also refined for 
all structures, but removed in cases where it fell to zero. All hydrogen atom positions 
were calculated and refined as riding or rotating groups, unless otherwise stated. All 
non-hydrogen atoms were refined anisotropically. Any departure from these 
procedures is noted in table 3.4. 
All structures were solved and refined by the author except for 3e-1 (marked with t) 
which was solved and refined by Dr. R. A. Coxall. The crystallographic information 
files (cifs) and other crystal data for these compounds are included in Appendix C on 
the attached CD. 
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Structure Unusual refinement features 
3a-1 
Hydrogen atoms H121 and H161 were 
iR 	ipr located on the difference map and refined 
freely; all other H-atom positions were 






The refinement was problematic due to 






Ri3P—Cu 	Cu— PPh3 All hydrogen atoms were located on the 
PhPh 
difference map and freely refined. 
3e-1 
Ph All 	atoms 	excluding 	copper 	and 
Ph3P, 1 	C , 	PPh3 phosphorus 	were 	refined 	isotropically 
Cu Cu 
Ph ØIø 	 ' 	 I3 
because of the weak data giving a low 
strong data:parameter ratio. 
Table 3.4 - X-ray structure determinations of alkoxy- and aiyloxycopper(l) phosphine complexes 
showing the compounds involved and any special features associated with their structure-solution and 
refinement 
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Structure Unusual refinement features 
3e2 This structure solved in both Pnma and 
I Pna21 . The centrosymmetric space group 
Me3P1, 	0 
'Cu" cu' had disordered PMe3 groups. 	With a 
O' 	FMe 3 	 3 reasonably 	high 	strong 	data:parameter 
ratio, the decision was made to refine in 




II Rotationally disordered PMe 3 group P2, 
Me3P1O,O,PMe3 modelled over two sites in a 75:25 ratio. 
Me3P' 	'- 0-'*' 	0" 	'N PMe3 The 	lesser 	portion 	was 	refined 




P 3P, 1 	 •1 PPh3 
•Cu 
One 	toluene 	solvent 	molecule 	is 




Table 3.4 (cont.) - X-ray structure determinations of alkoxy- and aiyloxycopper(1) pliosplune 
complexes showing the compounds involved and any special features associated with their structure- 
solution and refinement 
3.3.3 Crystallography: Results 
The discussion of these structures is divided into seven sections. Crystal structures 
solved and refined in Edinburgh are analysed (sections 3.4 - 3.7), followed by a brief 
structural study and comparison of the six original structural motifs (Types OP 2 to 
02P2, section 3.8). Finally some discussion of the factors influencing the formation of 
the different motifs is undertaken based on electronic and steric factors (sections 3.9 
and 3.10 respectively). 
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Parameter 	I 	3a-1 	 3c-1 	I 	3c-3 	I 	3e_11  
Crystal Data 
Formula C48  H17 Cu 0 P2 C30 H52 Cu2 02 P2 C62 H52 Cu2 02 P2 C84 H70 Cu2 02 P4 
M. 765.3 633.7 1018.1 1362.4 
Crystal system Triclinic Monoclinic Triclinic Monoclinic 
Space Group P-i P21 1c P-i C2/c 
a 10.523(2) 9.387(2) 8.5 118(9) 20.782(5) 
b IAI 12.467(3) 20.870(9) 12.0814 (12) 17.373(3) 
c IAI 16.165(4) 9.659 (3) 13.6035 (14) 18.642(4) 
aI°1 94.252 (16) 90 110.3667(16) 90 
[0] 91.546 (19) 117.65(2) 103.8064 (17) 91.99(3) 
i1°1 108.522 (16) 90 101.3318 (18) 90 
viA3i 2002.4(8) 1676.2 (10) 1212.0(2) 6727 (2) 
Z 2 2 1 4 
pi 	[gcm 1.269 1.256 1.395 1.345 
Crystal shape and Colourless block 
colour  
Colourless plate Colourless rod Colourless block 
Crystal size LmmI 0.51 x 0.39 x 0.27 0.70 x 0.54 x 0.08 0.29 x 0.06 x 0.04 0.38 x 0.35 x 0.16 
[mm 11 0.661 1.387 0.989 0.777 
Data Collection 
Diffractometer Stoe Stadi-4 4-circle 




Stoe Stadi4 4- 
circle 
(A) 0.71073 0.71073 0.71073 0.71073 
Type of scan o-0 0-0 and 0) (0-0 
Abs. corr. 









°min, Omax 2.53, 24.99 2.57, 25.09 1.69, 26.38 2.64, 19.99 
T [K] 220 (2) 220 (2) 150 (2) 150 (2) 











H placement difinap/geometric geometric dilmap geometric 
11 refinement freely refined/riding riding freely refined riding 
Unique data (R18) 7031 (0.0499) 2954 (0.3990) 4836 (0.0175) 3118 (0.0887) 
Unique data with 4622 
F0>4(F0) 
1138 3914 1655 
Parameters 477 163 411 200 
Restraints 0 0 0 367 




















(0. 1480P) 2 
0.0000P 
Extinction param 0 0 0 0 











Table 3.5 -Crystal data for compounds 3a-1, 3c-1, 3c-2 and 3e-1 
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Parameter 	 I 	3e-2 	 3g-1 	I 	3g-2 
Crystal Data 
Formula C24  H46 Cu2 02 P4 C36 H36  0u3 F20 04 p4 C1 03 H71.5 Cu3 F20 04 P4 
Mr 617.6 1227.2 2067.6 
Crystal system Orthorhombic Orthorhombic Monoclinic 
Space Group Pna21 Pbca C21c 
a IAI 20.950 (3) 11.5289 (12) 23.738(4) 
b AJ 11.4596 (10) 18.629(8) 14.974(3) 
C Aj 13.3877 (12) 22.697(4) 26.307(4) 
(X PI 90 90 90 
1 101 90 90 107.447 (16) 
90 90 90 
v [A31 3214.1(6) 4875 (2) 8921 (3) 
Z 4 4 4 
p' 	[gcm 3] 1.276 1.672 1.539 
Crystal shape and 
colour  
Colourless block Orange block Orange block 
Crystal size Emm] 0.50 x 0.27 x 0.16 0.37 x 0.27 x 0.19 0.32 x 0.27 x 0.19 









1.54184 0.71073 1.54184 










°min Omax 4.22, 70.24 2.52, 25.06 3.52, 70.12 
T [K] 220 (2) 220 (2) 150 (2) 









H placement geometric geometric geometric 









Unique 	data 	with 2075 
F0>4c(F0) 
1581 4329 
Parameters 289 316 573 
Restraints 1 0 0 
Max. A/dy 0.000 0.000 0.001 








Flack parameter 0.04(6) - - 






Extinction param 0 0 0 









Table 3.5 (cont.) - Crystal data for compounds 3e-2, 3g-1 and 3g-2 
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3.4 Type OP 2 structures (3a-1) 
Crystal structure 3a-1 (Figure 3.4) is a new structural motif for 
iF 
mononuclear complexes with copper(I) ligated by phosphines and 	-9 ipr 
an alkoxide. However, a CSD search  for a three-coordinate 
copper atom bound to 2 phosphorus atoms and an alcohol reveals 	r1n3 	 rrlI3 
one other structure, (illustrated schematically in Table 3.2) with a 	
Figure 3.4 -
Schematic of 
catecholate, CSD refcode SOMJAF 8, formula structure 3a-1. 
[Cu(Ph2PCH2PPh2)(0-C6CI400H)]2, (Figure 3.5). Although dinuclear, each copper(I) 
atom matches the Type OP2 structure. In addition to the three bonds, each copper(I) 
has short contacts to either an oxygen or a chlorine atom (011—Cu2 3.005 A and 




3.005 A >(116 2.885 A 
ti I 
3a-I also shows a short contact to the 
copper atom (Figure 3.6), but of a very 
different nature. One isopropyl group is 
oriented so as to point a hydrogen atom 
(H121) towards Cu 1, with a 
H121 ... Cul distance of 2.32(4) A, 0.90 
x L'vdW This interaction can be 
Figure 3.5 - A structure of type OP2 from the CSD, 
reference code S0MJAF8 . The two close contacts to 
the copper atoms are labelled. No hydrogen atoms are 
shown. and phenyl groups have been truncated to 
cylinders. The colour key to atoms is Cu cyan; 0 red; 
P purple Cl green -, C grey. 
Some asymmetry is observed in the bond 
lengths within the molecule, possibly as a 
result of this H... Cu close contact (Table 
3.5). The interacting isopropyl group is 
oriented slightly towards the P1 phosphine 
group (Figure 3.6), elongating the Cul-
P1 bond length with respect to Cu 1 —P2 
(Table 3.5), and lessening the Pil—Cul 
regarded as a consequence of the steric 
effects of the isopropyl groups. 
Figure 3.6 - Crystal structure 3a-1, with the 
H 121 —Cu 1 close contact shown. The phenyl 
groups have been tn.incated to cylinders. The 
colour key to atoms is Cu cyan 0 red; P purple; 
Cl green; C grey and H beige. 
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011 angle with respect to P2-Cul--Ol 1. The weaker bond to Cul from P1 is 
reflected by the P1-C bonds being shorter than the P2--C bonds (Table 3.6). Cul 
remains planar, with the sum of the angles around the metal atom being 359.96(1 1)°. 
Parameter Distance (A) • Parameter Angle (°) 
Cul-011 1.933(2) Cu1-011---C11 133.5(2) 
01-C11 1.316(4) • P1-Cu1---011 113.24(7) 
Cul-Pi 2.2697(10) P2-Cu1--011 121.28(7) 
Cul-P2 2.2535(10) P1-Cul-P2 125.44(4) 
Table 3.5 - Showing the principal bond lengths ana angies arouna me centrai copperii) atom. 
Parameter Distance (A) Parameter Distance (A) 
P1-C1A1 1.819(3) P2-C2A1 1.830(3) 
P1-C1B1 1.817(3) P2-C2B1 1.825(3) 
P1-C1C1 1.822(3) IN  P2-C2C1 1.827(3) Mean 1.819(5) Mean 1.827(5) 
Table 3.6 - Comparing the k'-U bond iengtns tor k'i anu k'Z in structure ia-i. ee rigure 	tot 
atom labels. 
The 2,6-di-isopropyiphenolate ligand also shows some effects of the H121-Cul 
interaction. Although not significant for all values (within errors), a suggestion of 
some bond shortening in the C121-C bond lengths with respect to the C161--C 
values is evident, as well as a shortening of the C  1-C21 bond length with respect to 
the C  1-C61 value (Table 3.7). Corresponding increases in bond angles are seen for 
all the shortened bond lengths (Table 3.8). 
Parameter Distance (A) NJ Parameter Distance (A) 
C11-C12 1.411(5) NJ C11-C16 1.426(5) 
C12-C121 1.507(5) 
dMJ 
NJ C16-C161 1.514(5) 
C121-C122 1.511(5) a C161-C162 1.523(5) 
C121-C123 1.508(6) C161-C163 1.533(5) 	- 
Table 3.7 - Comparing the phenolate liganu bond lengtHs tor isopropyi groups LIZ to LIZi anu U 1 
to C163. 
Parameter Angle (°) NJ Parameter Angle (°) 
011-C11----C12 122.9(3) NJ 11-C11---C16 118.0(3) 
C11-C12---C121 122.0(3) a C11-C16--C161 118.9(3) 
C12-C121--022 111.3(3) U C16-C161--C162 110.9(3) 
C12-021--023 114.1(4) U C16-C161---C163 - 	113.8(3) 
Table 3.8 - Comparing the phenolate iiganci Dona angies ror isopropyi groups LIZ to ..,izi aila io to 
C163. 
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3.5 Type 02P structures (3c-1 and 3c-3) 
One type 02P crystal structure already exists in the database (CSD reference code 
KIBXAU12, 3c-2, [Cu2(t-BuO)2(PPh3)2] ) and a second structure, 3c-1, was produced 
at the beginning of the project (Figure 3.7). The compound 3c-3 was determined as 
part of the structure-prediction work described in Chapter 5. The structural features 
of both 3c-1 and 3c-3 will be compared here. 










3c-2 - CSD code 
KIBXAU 
Ph Ph 
Ph3P-CV 'Cu-PPh 3 x 
3c-3 
Figure 3.7 - Structures 3c-1, 3c-2 and 3c-3. 3c-1 and 3c-3 were both solved and refined at Edinburgh, 
while 3c-2 has been retrieved from the CSD. 
Both of the type 02P structures solved and refined at Edinburgh have an inversion 
centre midway between the two copper atoms and significant asymmetry around the 
metal atom. Structure 3c-2 has a 2-fold axis perpendicular to the Cu202 plane, and 
also shows significant asymmetry. Tables 3.9 and 3.10 list the principal bond lengths 
and angles respectively around the copper(I) centre for all three structures. 
Parameter 3c-1 3c-3 3c-2 
Cul-Oti 1.931(9) 1.9349 (12) 1.960(4) 
Cul-011 _$1 2.030 (10) 1.9944 (13) 1.996(4) 
Cul-Pi 2.111(5) 2.1225(5) 2.144(2) 
011-01 1.343 (15) 1.397(2) - 1.418 (7) 
Table 3.9 - Selected bona lengtHs (A) irnm atoms m me copper coorwnautm bpnulu 01 ui ..vnipuuuu 
3c-1, 3c-3 and 3c-2. The symmetry operator $1 signifies the inversion operation -x, -y, -z in 3c-1 and 
3c-3 and the 2-fold operation -x, -y, z in 3c-2. The numbering scheme is given in Figure 3.8. 
Parameter 3c-1 3c-3 3c-2 
P1-Cut--011 154.5(4) 151.18(4) 148.4(l) 
P1-Cut--Oil _Si 125.9(3) 125.35(4) 131.1(1) 
Cul-Oli--Cul_Si 100.8(4) 98.77(6) 93.9(2) 
Oil-Cut--Oil Si 79.2(4) 81.23(6) 80.4(2) 
Cut-Oil--Cl! 130.8(9) 131.48 (11) 126.9(4) 
Cui-011_S1-01_$1 128.3(9) 129.75(l 1) 1 32.1 (4) 
Table 3.10 - seiectea bona angies () rrom atoms m we uppi A1UIU111dUU1t pucic VI LIM WuqJUWLU. 
3c-1, 3c-3 and 3c-2. The symmetry operator $1 signifies the inversion operation -x, -y, -z in 3c-1 and 
3c-3 and the 2-fold operation -x, -y, z in 3c-2. The numbering scheme is given in Figure 3.8. 
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Figure 3.8 illustrates the distortions from a regular polyhedron for the Cu202 unit in 
these compounds. As the Cu 1-011 _$I  lengthens with respect to Cul—Oli, the 
PI—Cul—Ol I angle increases. The copper atoms remain approximately planar at 
all times, with the sum of the angles around Cul being 359.6(7)°, 357.76(8)° and 
359.9(2)° for compounds 3c-1, 3c-3 and 3c-2 respectively. The sum of the angles 
around 011 varies more, with values of 359.9(5)°, 360.00(17)° and 352.9(6) 0  
respectively. The non-planar oxygen atom in 3c-2 causes a slight bend in the 
molecule to give a butterfly shape. This suggests that the oxygen in this case is not 
completely sp2 hybridised. 
'sition 
Figure 3.8– Showing the asymmetry in compound 3c-1. The shortening of the Cul—011 bond and 
lengthening of the CuI—011$l bond lengths are illustrated. The increase in the P1— -- Cul 011 
angle can also be observed. Similar asymmetry is observed in structure 3c-2 and 3c-3. No hydrogen 
atoms are shown. The special position is shown in green. The colour key is Cu cyan, P purple. 0 red 
and C grey. The symmetry operator $1 signifies the inversion operation -x. -y. -z in 3c-1 and 3c-3 and 
the 2-fold operation -x, -y, z in 3c-2. 
In their paper, Caulton et a1 12 state that the asymmetry in compound 3c-2 is due to a 
close contact between hydrogen atoms on the bridging t-butoxide group and the 
triphenylphosphine. If this is true then all three structures should see close contacts to 
account for the observed asymmetry, with 3c-1 and 3c-3 showing more significant 
interactions as they show greater asymmetry (Tables 3.9 and 3.10). The closest 
contacts are illustrated in Figure 3.9. The structure of 3c-2 was published with no 
hydrogen atoms, but if these are added in calculated positions (using a bond distance 
of 0.95 A for consistency with 3c-1 and 3c-3), three 1-butoxide to tnphenylphosphine 
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contacts are shown in yellow in Figure 3.9. It can be seen how these might force the 
Cu202 unit to be unsymmetrical. If the same is done for structures 3c-1 and 3c-3, then 
a different picture emerges. The hydrogen atom positions for both these compounds 
were defined in the crystal structure determination. For 3c-3 a close contact of 2.88 A 
is observed between a phosphine hydrogen atom and an alkoxide carbon atom, again 
shown in yellow. This could cause the increase in the 0—Cu—P bond angle and 
hence the asymmetry. However, no close contacts between the phosphine and 
aryloxy groups are observed for 3c-1, but significant asymmetry is still seen (Tables 
3.9 and 3.10). 
Figure 3.9 - Space-filling representation of crystal structures 3c-1. 3c-2 and 3c-3, showing all 
phosphine groups in purple and any close contacts between the phosphine and alkoxy/phenoxy groups 
in yellow stippled with black. 3c-2 has a total of 3 close contacts and 3c-3 has two close contacts. 
which are cry stallographically equivalent. 
As compound 3c-1 contains no significant intra-molecular close contacts, but has a 
more unsymmetrical Cu202 unit than 3c-2, the idea of this asymmetry as principally 
an effect of steric crowding of ligands must be re-examined. The origins of the 
asymmetry and methods for reproducing it are studied in greater detail in Chapter 5. 
All the other bond lengths and angles in the complexes lie in the ranges expected for 
these types of organic ligands. 
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3.6 Type 02P2 structures (3e-1 and 3e-2) 
Two structures of type 02P2 (3e-1 and 3e-2) have been determined at Edinburgh. 
(Figure 310). 
Ph 
Ph3P 	 1 PPt13 
Cu 	Cu 
Ph 3P 	 "FPh3 
ki 3e-1 
Me3P1 , 	___ O_, 	11 PM3 
Cu 	Cu 
Me3P' O' 	PMe3 
ki 3e-2  






Ph3P '-0-' 'F'h3 
L 
Figure 3.10 - Schematic representation of crystal structures 3e-1. 3e-2 and 3e-3. 
This structural motif has been seen before. Crystal structure 3e-1 has an identical 
structural motif to the database structure (CSD reference code HEZXEP' 8), 3e-3. The 
two structures appear at first glance to be very similar, and both are poorly resolved. 
The Edinburgh structure was refined in the centrosymmetric space group ('21c, in 
contrast to P2, which was used for 3318  An R-factor of 0.0983 was obtained for 3e-
I cf 0.101 for 3e-3. A comparison of the two reduced cells is shown in Table 3.11. 
Structure a( b( c (A) a (°)  
3e-1 13.544 13.544 18.642 88.47 88.47 79.79 
3e-3 13,955 13.961 17.610 90 90 90.06 
Table 3.11 - Comparison 01 the reduced cells 01 JC-1 and inc puotisnea strucuire .'e-.,. 
Figure 3.11 - On the left is a superimposition of a molecule of 3e-1 (orange) and 3e-3 (purple). and on 
the right is a superimposition of their respective crystal structures. Viewed down the 0.0 axis of the 
phenoxide ligands the rotation of a molecule of 3e-1 of 900  with respect to 3e-3 is clearly seen. 
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Although the molecular compositions of 3e-1 and 3e-3 are identical and their 
molecular structures are similar (Figure 3.11), there are distinct differences in their 
crystal structures. The two molecular structures can be superimposed, but the two 
crystal structures cannot (Figure 3.11). Although half the molecules in the crystal 
structure of 3e-3 lie superimposed on their 3e-1 counterparts, the other half are rotated 
by 900.  The molecules in 3e-1 all lie parallel along the Cu-02-Cu plane due to the 
position of the c-glide plane. The two structures are polymorphs of the same 
molecule. 
Structure 3e-1 has a 2-fold axis through all six atoms 011, Cli, C14, 021, C21 and 
C24, whereas structure 3e-2 has a pseudo-mirror plane containing the copper(1) and 
phenoxide oxygen atoms. Because of asymmetry exhibited by the molecule, structure 
3e-2 can either be solved in space group Pna21 , and refined as fully occupied, as here, 
or with 50% disordered phosphine ligands in space group Pnma. Because of this Z' = 
0.5 for 3e-1 and Z' = 1 for 3e-2. The bond lengths and angles in the copper(1) 
coordination spheres are listed in Table 3.12. 
Parameter 3e-1 3e-2 - Parameter 3e-1 3e-2 
Cut-Oil (A) 2.119(8) A 2.080(5) A Pi-Cui-P2 (°) 115.26 (15) 120.85(10) 
Cui-021 (A) 2.152(7) A 2.083(5) A - P3-Cu2-P4 (°) - 122.86(11) 
Cu2-011 (A) - 2.093(5) A - P1-Cut-011 (°) 117.70(17) 119.3(2) 
Cu2-021 (A) - 2.064(5) A - Pi-Cui-021 (0) 114.25(17) 117.9(2) 
Cut-Pt (A) 2.278(4) A 2.194(3) A - P2-Cut-011 (°) 110.71(15) 106.3(2) 
Cui-P2 (A) 2.289(4) A 2.246(3) A P2-Cui-021 (0) 111.65(15) 104.4(2) 
Cu2-P3 (A) - 2.242(3) A - P3-Cu2-011 (0) - 103.5(2) 
F Cu2-P4 (A) - 2.196(3) A P3-Cu2-021 (0) - 104.4(2) C011-Cul-021 0) 83.2(3) 80.58(18)° - P4-Cu2-011 °) - 117.4(2) 
011-Cu2-021 (°) - 80.72(18) - P4-CO-021 °) 1 - 	 - 	 - 119.4(2) 
Table 3.12 - Bond lengtHs ana angles m me copper coorainauon spneres 01 sirucurs e-.. aitu JV-4. 
There is little asymmetry around the copper atoms with respect to the oxygen atoms, 
but the phosphorus atoms show very different environments. A shortening of the 
Cu-P bond results in an increase in the 0-Cu-P angles to that phosphine group. 
The bond lengths and angles around the phenoxide oxygen and phosphine phosphorus 
atoms are shown in Tables 3.13 and 3.14 respectively. The oxygen atoms have 
symmetrical environments. The P-C bond lengths change little with the shortening 
P--Cu bond lengths, and the Cu-P-C angles can again be seen to have a large 
spread. 
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Parameter 3e-1 3e-2 = Parameter 3e-1 3e-2 
I 	C11-011 (A) 1.245(17) 1.305(8) • Cul-011-Cli (°) 131.1(3) 130.4(4) 
1.222(18) { 
	
C21--021(A) 1.297(8) 0 Cul-021-C21 (°) - 129.2(4) 
rcul-011-cu2x (°) 97.8(5) 98.9(2) • Cul-021-C21 (°) 132.1(2) _ 130.4(4) 
Cul-021-Cu2X (°) 95.8(4) 99.77(19) • Cu2-021-C21 (°) -_- 131.0(4) 
Table 3.13 - Bond lengths and angles around the plienoxide oxygen atoms tor structures 'c-i anu .,e- 
2. Cu2X signifies atom Cul_$1 in structure 3e-1 and atom Cu2 in structure 3e-2. 
Bond length (A) 3e-1 3e-2 Bond angle (°) - 3e-1 3e-2 
P1-C1A1 1.815(12) 1.812(12) Cul-Pi-C1A1 - 117.4(4) 120.0(4) 
P1-C1B1 1.808(12) 1.820(11) Cul-Pi-C1B1 - 116.4(4) 112.7(4) 
P1-C1C1 1.841(13) 1.828(12) Cul-Pi-C1C1 114.5(5) 118.1(5) 
P2-C2A1 1.812(12) 1.806(11) • 	Cu1-P2-C2A1 110.9(4) 111.2(4) 
P2-C2B1 1.852(12) 1.804(11) U Cul-P2-Ml 121.4(4) 118.1(5) 
P2-C2C1 1.802(12) 1.779(13) Cul-P2-C2C1 116.2(4) 118.7(4) 
P3-C3A1 - 1.778(16) • Cu2-P3-C3A1 - 119.0(6) 
P3-C3B1 - 1.768(13) • Cu2-P3-C3B1 - 120.8(5) 
P3-C3C1 - 1.795(15) • Cu2-P3-C3C1 - 112.0(6) 
P4-C4A1 - 1.813(11) U 	Cu2-P4-C4A1 - 114.5(5) 
P4-C4B1 - 1.816(11) U CO-P4-Ml - 116.9(4) 
P4-C4C1 - 1.821(12) • Cu2-P4-C4C1 - 119.0(5) 
Mean 1.822(20) 1.803(19) • Mean 116.1(34) 116.8(33) 
Table 3.14 - Bond lengths and angles around tile pliospiune pnospnorus atoms ior structures c-i anu 
3e-2. 
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3.7 Type 02P2/04  structures (3g-1 and 3g-2) 
This is a new structural motif for copper(I) ligated to phosphines and phenoxides. 
The structures consist of a central copper(II) atom ligated in a square planar manner 
by four bridging phenoxide oxygen atoms. These oxygen atoms bridge to two 
copper(I) atoms, which are each further ligated by two phosphine atoms. The two 
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Figure 3.12 - Schematic diagrams of structures 3g-1 (left) and 3g-2. 
This structural type has been observed previously (CSD reference code PITRUF 31 ) 
where the central copper(II) atom obtains its 04 donor set from two malonate 
dianions and these also provide two p-oxo bridges to each of two Cu(I)(PPh3)2 units 
(Figure 3.13). 
Figure 3.13 - Structural type 0 2P2/04  exhibited by the database crystal structure. CSD code P!TRIJF 31 . 
The two malonate dianions are replaced by four pentafluorophenol ligands in Edinburgh structures (3g- 
1 and 3g-2). The colour code for atoms is Cu cyan, 0 red, P purple and C grey. 
Darensbourg el al synthesised the malonate complex by including both copper(I) and 
copper(II) salts in the reaction, whereas the Edinburgh structures were obtained using 
only copper(I). How the copper(I) was oxidised to copper(l1) in these preparations is 
not understood, but it appears only to occur when a strongly acidic phenol is present. 
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In both the Edinburgh structures the copper(H) atom is located in a special position. 
In the case of 3g-1 this is an inversion centre, and for 3g-2 it is a 2-fold axis 
perpendicular to the Cu304 plane. The copper atoms are numbered Cul and Cu2, 
referring to the copper(I) and copper(H) atoms respectively. Tables 3.15 and 3.16 list 
the bond lengths and angles around the metal centres. 
Parameter 3g-1 3g-2 • Parameter 3g-1 3g-2 
Cu2-011 (A) 1.917(7) 1.917(4) • 011_$1-Cu2-011 (°) 180(-) 97.4(2) 
Cu2-021 (A) 1.934 (8) 1.936(4) • Oil $1-Cu2-021 (°) 96.8(3) 177.77(17) 
011-Cu2-021 (°) 83.2(3) 80.67 (15) • 021$1-Cu2-021 (°) 180 (-) 101.3 (2) 
'Fable 3.15 - Bond lengths ana angles around me COC(U) atom, ..,1LL, ror me u2r21U4-1ype structures 
3g-1 and 3g-2. 
Parameter 3g-1 3g-2 Parameter 3g-1 3g-2 
Cui-011(A) 2.157(8) 2.111(4)  Pl-Cul-P2(°) 129.3(2) 117.41(7) 
Cui-021(A) 2.200(7) 2.233(4)   O11-Cui-P1(°) 107.2(3) 111.20 (11) 
Cul-P1 (A) 2.208(4) 2.2715 (16) IM  011-Cul-P2 (°) 114.5(3)  115.77(11) Cul-P2 (A) 2.212(4) 2.2702(16)  021-Cul-P1(°) 105.5(3)  119.48 (11) O11-Cul---021 (°) 71.9(3) 69.99(13) 021-Cul-P2(°) 113.8(3) 1 	114.03 (11) 
Table 3.16 -Bond lengths and angles around the copper(i) atom, Ciii, tor the 02P2/04-type structures 
3g-1 and 3g-2. 
The two structures both exhibit crystallographic symmetry around CO, but both 
possess a high degree of asymmetry around Cu 1. This is probably due to the steric 
bulk of both the phenoxide and phosphine ligands. This is supported by the 
difference between the Cul-Ol 1 and Cul-021 bond lengths in both structures. 
The larger difference between these two bond lengths is observed in the structure with 
the bulkier triphenylphosphine ligand (3g-2). 
Tables 3.17 and 3.18 show the bond lengths and angles associated with the oxygen 
and phosphorus atoms respectively. 
Parameter 3g-1 3g-2 Parameter 3g-1 3g-2 
Cit-Oil (A) 1.337(15) 1.330(6) Cul-Oil---Cll (°) 124.3(8) 117.4(3) 
C21-021 (A) 1.350 (14) 1.328(6) CU -021-C21 124.2(7) 126.9(3) 
Cul-011----Cu2 (°) 103.5(4) 107.23 (16) Cu2-011--C11 (°) 127.3(8) 129.4(3) 
Cul-021--Cu2(°) 101.3(3) 101.96(15) MI Cu2-021--C21(°) 122.4(8) 126.8(4) 
Table 3.17 - Bond lengths and angles around me pnenoxtae oxygen atoms, UI! ana WI, 
for structures 3g-1 and 3g-2. 
The sum of the angles about oxygen atoms 011 and 021 in structure 3g-1 are 
355.1(12)' and 347.9(1 1)° respectively, suggesting that the oxygen atoms do not have 
complete sp2 character. A similar feature is observed in 3g-2, with the sum of the 
angles around 011 and 021 being 354.0(5)° and 355.7(5)° respectively. This is 
probably a consequence of the size and orientation of the ligands. The phenolic rings 
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cannot lie in the Cu202 plane because of the steric bulk of both the phosphines and the 
phenoxide, which would be the position that would give best overlap of the ligand and 
metal orbitals. As a consequence of this, some sp 3 non-planar character is observed in 
the oxygen atom. 
Parameter 3g-1 3g-2 - 3g.! 3g-2 
P1—C1A1 (A) 1.777(13) 
- 
.  Cul—P1-C1A1 116.4(5) 113.23( 18 )  




Cul—Pi-C1B1 116.6(5) 118.5(2) 
P1—C C! (A) 1.812(12) 
- 
 .  
- 
Cul—P1--C1C1 113.2(5) 113.35(18) 
P2—C2A1 (A) 1.87(2) 
-
1.809 5 Cul—P-C2A 1164(8) 111.61(17) 
P2—C2B1(A) 1.76(2) 
- 
.  Cul—P2.--C2B1(°) 117.1(8) 119.92(19) 
P2—C2C1(A) 1.76(2) .819(6) - Cu1—P2--C2C1(°) 119.0(7) 112.32(18) 
P2—C2D1 (A) 1.84(8) - U 	Cul—P2--C2D1  (0) 107(3) - 
P2—C2E1 (A) 1.69(6) - U Cul—P2--C2E1  (°) 120(2) - 
P2—C2F1(A) 1.74(10) - Cul—P2---C2F1(°) - 118(3) - 
Mean (A) 1.80(2) 1.827(12) Mean (°) 115.4(19) - - 	 115(4) 
Table 3.18 - Bond lengths and angles around the phosplilne phosphorus atoms, F! and Fl, for 
structures 3g-1 and 3g-2. The triinethylphosphine group corresponding to P2 in 3g-1 is disordered. 
These partially occupied values, shown in italic, are not included in the mean calculation.  
The P—C bond lengths and Cu—P--C bond angles observed for the phosphine 
groups correspond with values expected from database work (Chapter 4). 
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3.8 A study of structural motifs 
A search of the Cambridge Structural Database 6 for copper(1) bound solely to 
phosphines and phenoxides or alkoxides - reveals a total of 13 structures (including 
the structures solved and refined locally) showing six structural motifs (Table 3.2). 
The six structural types are produced from reactions carried out under very similar 
conditions by varying only the relative concentrations of phosphine and aryloxide or 
alkoxide, and the solvent. The structures differ in the coordination number and the 
nuclearity of the copper(I) atoms. The structural types already described as part of 
the structural work performed locally will be not be described here, this section being 
limited to more detail about the three other structural types. 
3.8.1 Type OP3 structures 
Two CSD structures (3b-1 and 3b-2) match the criteria of having three phosphine and 
one alkoxide or phenoxide ligand bound to a four coordinate copper(I) atom (Figure 
3.14). Although structure 3b-2 is unusual in that the phosphine is bridging two 
copper(I) centres, it still matches the criteria for this structural motif. Both structures 





Ph3P CSD refcode 
HEZXAL9 
OPh 	
Ph Ph Ph 
Ph 	 Ph 
PhI l \l 	P Cu 	
Cu" '1 I 	Ph 
/\ Ph 	 I Ph PhO Ph Ph 
CSD refcode 
DOPYOW' ° 
Figure 3.14 - Structures 3b-1 and 3b-2 both exhibit the OP3 structural motif. 
3.8.2 Type %(04P3) structures 
Three type '/2(04P3) structures are contained within the database, although atomic 
coordinates are only available for two of these. All three have very similar phenoxide 
ligands, differing only in the para-substituents (Figure 3.15). They all use 
triphenylphosphine as the phosphorus ligand. 
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Figure 3.15 - Compounds 3d-I, 3d-2 and 3d-3. 
The principal feature of interest within these mixed coordination number copper(I) 
compounds is the asymmetry observed within the central cores of the molecules. It is 
only observed around the three coordinate copper atom and is similar in nature to the 
asymmetry in the three coordinate structural type, type 0 2P, described in section 3.5. 
The Cul—Ol I bond is shorter and the 01 1—Cul—PI bond angle larger than the 
Cul-021 bond and the 021—Cul—Pi bond angle (Figure 3.16). Bond lengths and 
angles around the three coordinate copper atom (Cu 1) for structures 3d-I and 3d-2 are 
given in Table 3.19. Comparison of these structures with the 02P-type (C in table 
3.2) suggests that there is always asymmetry observed in 3-coordinate copper(I) 
species with 2 or more alkoxide or phenoxide ligands bound. 
Figure 3.16 - The asymmetry observed around the 3-coordinate copper(l) atom in type V2(0 4P3 ) 
structures. This structure is compound 3d-I. Cu is blue, P is purple. 0 is red, C is grey. All hydrogen 
atoms are omitted and the phenyl groups of tnphenylphosphine are truncated to cylinders. 
Structure Cul-011 (A) P1—Cul--011 (0) Cui-021 (A) P1—Cul-021 (0) 
3d-1 1.95(1) 145.3(3) 2.00(1) 129.1(3) 
3d-2 1.952(5) 142.9(2) 1.986(6) 132.0(2) 
Table 3.19 - The principal bond lengths and angles around (.Jul. snowing Inc asymmetry present in 
1/2(04P3 ) structural species. 
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3.8.3 Type 03P structures 
The structural motif 03P, with both a coordination 
number and a nuclearity of four, is rare for 
copper(I), Only one crystal structure, 3f-1 (Figure 
3.18), is observed. A search of the CSD reveals 
only one other copper(I) structure with a Cu 404 
cubane core (CSD reference code BUXLAH 32, 
Figure 3.19) which contains terminal carbonyl 




Figure 3.18 - Structure 3f-I 19 
consists of a Cu 404 cubane with four 
PPh3 groups bound. It is in effect a 
tetramer of Cu(OPh)(PPh 3 ) subunits. 
ligands instead of phosphines. In contrast, the Cu404 unit is a common structural 
motif for copper(11) 33 , showing 46 different structures. A further search of the CSD 
shows that the RUNRAT 19 and BUXLAH32  complexes are the only structures which 
contain the motif C—O--(Cu)3 for copper(I) 34, but again this is a reasonably common 
motif for copper(II) 34, with 18 further occurrences. The fact that both PPh 3 and CO 
are both strong 7t-accepting ligands is unlikely to be a coincidence, and there is likely 
to be significant 7t back-bonding character. 
Interesting though the complex 3f-1 is, it was 
formed under very special conditions and was not 
isolated as a major reaction product 19 . For these 
reasons it has been neglected from the structural 
and modelling studies undertaken in Chapters 4 
and 5. 
In summary, there are two factors that define these 
six motifs - the nuclearity of the copper(I) and the 
number of atoms coordinated to each copper(I). 
Figure 3.19 - Compound BUXLAH 3 . 
the only other example of the Cu 404 
cubane core for copper(l). The ligands 
are /13 t-butoxide bridging and terminal 
carbon monoxide. Cu is shown in 
blue, 0 in red C in grey and H in beige. 
They are represented by the formula [Cu(OR)x(PR3)]n , where x = I and y = 1, 1.5 or 
2. The alkoxide or phenoxide ligand (OR) balances the charge of each Cu cation, 
with phosphine ligands (PR 3 ) supplying the remaining electron density to the metal. It 
can be assumed that the structural motif observed will depend on electronic or steric 
factors arising from the variation of the ligand. Sections 3.9 and 3.10 deal with an 
overview of electronic and steric factors respectively, before looking at steric effects 
and structural features in more detail in Chapters 4 and 5. 
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3.9 Electronic influences on structural motifs 
Simple changes in the structures of compounds have long been known to have 
significant effects on the electronic properties of the molecule. A prime example of 
this is the "Hammett effect" in aromatic chemistry and as phenoxide ligands are 
present in many of the compounds in this study, it is likely that electronic effects will 
35 be quite significant . 
A simple measure of the electronic properties of the coordinating atom of a ligand is 




	 R0 + Ft 




Figure 3.20 - A definition of pI(8 for alcohols and phosphines. 
A high acid dissociation constant, Ka, (the equilibrium is further to the right) gives a 
low pKa, signifying that the ligand has a low affinity for a proton. By inference the a-
bonding of such a ligand to a metal will be weak and the metal will seek electron-
density from elsewhere. pK a is a more suitable measure of electronic effect for the 
[0]-ligand, which will have both a-donating and t-donating character, than for the 
[P]-ligand, as the phosphorus atom will have significant 7t-acceptor characteristics. 
For this reason the electronic influence of the two factors will be discussed separately. 
3.9.1 Electronic influences of the oxygen-donating ligand 
A table relating the pKa of the [O]-ligand to the coordination number of the 
coordinated copper(I) atom (Table 3.20) suggests that the observed coordination 
number is dependent on the pKa. For aryloxides and alkoxides derived from parents 
with PKa 'S < 10.5, the Cu(I) complexes formed all have at least one four-coordinate 
copper atom. Three coordinate copper is observed in all complexes where the parent 
alcohol has a pKa > 10. Mixed three and four coordinate dinuclear complexes are 
derived from parent alcohols with pKa's in the approximate range 10 - 10.5. Thus 
rules-of-thumb can be drawn up as shown in Table 3.21. Structure 3a-2 is not 
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included as it is derived from a catechol and hence is significantly different from the 
other compounds. 
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Table 3.20 - pK,'s olthe parent alcohols, showing 11ONN tliev relate to Inc comptexes iormea. 
pK. of 101-donor Coordination number of copper 
pKa IOJ>1ft.5 3 
10 < plc 101 < 10.5 3 and 4 in dinucicar species. 4 in mononuclear species 
L01< 10.5 4 
Table 3.21 - The three PKa  ranges tor the RU which (ietine the coormnation numoers 01 LU1) centres 
in the alkoxy- and arvloxvcopper(I) phosphine comlexes. 
3.9.2 Electronic effects of phosphorus-donating ligand 
As mentioned previously, pKa is not as appropriate a measure of phosphine metal-
ligating power as it is for an oxygen ligand. This is because the phosphines in these 
complexes are neutral ligands and the bonding of the phophorus to a hydrogen ion to 
give a cationic species cannot be approximated to the formation of a metal-phophorus 
bond. 
A comparison of pK 6 values for trimethylphosphine and tnphenylphosphine (the two 
most commonly occurring phosphines in this study) gives values of 3.5 and 9.3 
respectively. These are very different, yet altering the phosphine makes little or no 
difference to the coordination number of the copper(I). 
3.9.3 Summary of electronic effects 
Having considered the electronic effect of both phosphine and alkoxide or aryloxide 
ligands individually, the two can be combined. In effect, each structure can be 
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regarded as a derivative of a [Cu(PPh3) 4}' or [Cu(PMe3)4] unit. By addition of the 
alkoxide or phenoxide, one of the phosphine units is displaced to give a neutral 
complex. In addition, if the electron donating ability of the alkoxide or phenoxide is 
greater than a threshold value, another phosphine ligand can dissociate as its electron 
density is not required to satisfy the copper(I). The determining factor of the copper 
coordination is therefore the electron donating ability of the alkoxide or phenoxide, 
which is in turn related to the pKa of the parent alcohol or phenol. The displacement 
of phosphine ligands by R0 can then lead to 112 or I.L3 Cu—O--Cu bridges. 
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3.10 Steric influences on the structural motif 
Steric factors appear to determine the observed nuclearity of the copper in these 
motifs. Evidence for this is provided by structures 3a-I and 3c-1. Crystal structure 
3c-1 is a dinuclear 3-coordinate complex, containing the bulky 2,6-di-iso-
propyiphenol molecule and trimethyiphosphine. Keeping the phenol the same, but 
increasing the bulk of the phosphine from trimethyiphosphine to triphenylphosphine 
results in the mononuclear 3-coordinate complex 3a-1 being observed (Figure 3.21). 
Increasing bulk 
of phosphinc 4 
Figure 3.21 - The increased bulk of the phosphine in 3a-1 (right) compared to 3c-1 (left) results in the 
mononuclear species being observed. 
Defining the steric influence of ligands is a much more complex problem than 
defining their electronic effects, as finding a simple method of measuring size is 
difficult. Phosphine cone angles 38 have been used in previous studies, but this is much 
less appropriate for ligands such as phenol or 1,1,1 ,3,3,3-hexafluoropropan-2-ol that 
do not have conical shapes. To this end molecular mechanics methods have been 
applied (see chapter 5). This necessitated force field parameterisation (Chapter 4) and 
a detailed modelling study of the known compounds (Chapter 5) before an 
understanding of the steric influences could be reached. 
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4.1 Introduction to Database Mining 
As stated in chapters 1 and 2, the CSD contains' a wealth of information, which can 
provide the basis for molecular mechanics parameterisation. However, the question 
arises as to how we can relate the statistics derived from the CSD to the molecular 
mechanics parameters, and what is an acceptable standard deviation, which will give a 
structurally useful distribution? 
International Tables, Volume C, contains  lists of standard bond lengths initially 
obtained from database mining of the C SD3 ' 4. These have come to be regarded as 
"standard" bond lengths since they were published and are widely accepted amongst 
crystallographers. These are therefore of great use to the molecular modeller as initial 
values for equilibrium bond lengths, thus answering the first question. However, 
these tables are by no means exhaustive and database mining can throw up features 
that are peculiar to a particular system. The standard deviation of a distribution can 
suggest how much preference to give a particular value. Effectively these can be 
regarded as helping determine the force constants, although they are not directly 
linked in this case. Default values for force constants derived  from Badgers rules, as 
described in chapters 1 and 5, were used throughout this work. We need to use the 
CSD to develop parameters for use in a molecular mechanics force-field, and to do 
this we need to define acceptable distributions for our use. 
This question has been treated in detail by Martin and Orpen 6 ' 7, for common transition 
metal complexes. They observe 6 that bond lengths from transition metals to identical 
ligands will, in general, have standard deviations in the region of 0.01 - 0.02 A. In 
addition the bond angles will usually be associated with a standard deviation in the 
region of 1 - 2°, with occasional values as high as 3°. Torsional angles will vary to an 
even greater degree. Bonds within organic molecules have long been known to have 
small and well-defined distributions 8 . 
These observations give a good basis from which to start deriving molecular 
mechanics parameters, but acceptable distributions to aid the development of these 
parameters will, by necessity, be much larger. Firstly, for many systems, in particular 
for the copper(1) alkoxides and aryloxides in this chapter, there are too few 
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compounds to give a good statistical distribution. Secondly, we have a specific aim 
for the project - namely to rationalise and predict the structure formation of a limited 
series of compounds. Whilst Martin and Orpen were interested in chemically 
identical fragments, we are interested in chemically similar ones. Rather than looking 
at every individual phosphine, for example, we are much more interested in being able 
to generalise for all phosphines, if possible, in a way that simplifies the molecular 
modeling. Thus a slightly broader distribution than Martin and Orpen 6 accepted 
might become acceptable. 
For the purposes of this thesis, we can establish some arbitrary boundaries for bond 
lengths and angles, based on the methods of Orpen and Martin 6, allowing us to 
categorise the values observed (Table 4.1). Torsion angles are not included, as they 
are not considered in the majority of this thesis. 
Category Bond length Standard Deviation (A) Bond angle Standard Deviation (°) 
Excellent <0.01 <1 
Good 0.01-0.02 1-2 
Satisfactory 0.02-0.03 2-3 
Poor >0.03 >3 
laNe 4.1 - A summary 01 acceptaie aismoutions useu uirougnout ui's uiesis. 
The ideal distribution for use in molecular mechanics parameterisation has a normal 
shape, with no bimodal character, and a good standard deviation. If these two criteria 
are not observed, the distribution is divided along chemically or structurally 
reasonable lines until these criteria are met. If this is still not possible, due to lack of 
data or unusual structural features, then the best interpretation possible is placed on 
the distribution. 
4.1.1 Experimental: Data retrieval and analysis 
All crystal structures and bonded parameters in this thesis were retrieved from the 
CSD using both the UNIX and Windows versions of the CONQUEST program 9 
(version 1.2). All non-bonded parameters were retrieved using the QUEST program 9 
(version 5). All searches were performed on version 5.21 of the CSD (April 2001 
release), containing 233,218 entries'. 
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Crystallographic data were screened both manually and automatically and had to 
satisfy the following criteria: 
Crystallographic co-ordinates were present in the CSD. 
A crystallographic R factor :!~ 0.05 had been reported or a crystallographic 
R factor :5: 0.075 had been reported and the reported mean standard 
deviation of the C—C bond lengths was :!~ 0.03. 
The structure or parameter met the requirements of the manual check of 
the structure for errors as described in chapter 2. This also involved the 
use of symmetry checking programs such as MTSSYM' °, within the 
program PLATON". In particular, structures with more than one outlying 
bonded parameter were analysed carefully to ensure mistakes had not been 
made. 
The extracted data for bonded fragments were analysed using both the programs 
Microsoft EXCEL and VISTA! (distributed with the CSD). All quoted values in this 
thesis were calculated within EXCEL. 
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4.2 Summary of results 
Collating the results obtained in a database study and drawing conclusions can be a 
difficult task. For this reason the summary of results is included first, before going 
into a detailed analysis of how these conclusions were reached. 
The three and four-coordinate copper(I) centres are very different, with different 
bonded parameters. The 3-coordinate copper(I) is always unsymmetrical with respect 
to the oxygen atoms in a dinuclear species, unlike 4-coordinate species. Some non-
symmetrical properties are seen for dinuclear 4-coordinate species with respect to the 
phosphorus atoms in the locally determined structures, but this is not a common 
feature in the database structures. Table 4.2 compares the observed bond lengths 
around the copper(I) atoms. Only the values for species observed in the structural 
motifs A-G are included here. The dinuclear 3-coordinate copper(1) species, type 
02P, can be regarded as composed of two [Cu(OR)(PR'3)} units, with the bonds 
between the two units being weaker interactions than those within the unit. The 03P 
structure can also be regarded as being formed by four of these units (section 3.8). 
Cu(ll)—O bond lengths were observed to form a distribution that is tight enough to 
allow molecular modelling of the new motif, type 02P2104 structures. 
The 0—C and P—C bonds in all structures are found not to depend on the 
environment of the copper (Table 4.2). However, these bonds are dependent on the 
nature of the carbon atom, and can be grouped according to this value. 
The Cu-0--Cu and 0—Cu--0 bond angles in the core of the dinuclear species 
were found to vary little with the oxidation state of the metal, or with the metal 
coordination number. The P—Cu—P angle in all structures was observed to depend 
on the number of phosphines bound and the coordination number of the copper(I) 
cation. The 0—Cu—P was observed to depend specifically on the structural type, 
and on coordination number of the central copper(I) atom. Finally, the Cu-0--C 
and Cu—P—C angles were observed to be independent of the nature of the copper 
atom, but the Cu—P—C angle depends on the nature of the organic group. 
These results are summarised in Table 4.2. 
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Parameter Description Mean 
Standard 
deation 
Cu—O, Short Cu-0 bond in mononuclear and asymmetric 1.946 A 0.013 A 
3 coord short dinuclear 3-coordinate copper species  
Cu—O, Short Cu-0 bond in asymmetric dinuclear 2.000 A 0.017 A 
3 coord long 3-coordinate copper species  
Cu—O, Cu-0 bond in mononuclear and dinuclear 2.080 A 0.026 A 
4 coord 4-coordinate copper species  
Cu—O, Cu-0 bond for copper(H) species bound to four 1.928 A 0.025 A 
copper(H) phenoxide or alkoxide ligands.  
Cu—PMe3 , Cu—P bond for trimethylphosphine in 3-coordinate 2.141 A 0.008 A 
3-coord copper species  
Cu—P, Cu—P bond for other phosphines in 3-coordinate 2.256 A 0.020 A 
OP2 copper species, where one ligand is non-phosphine  
Cu—P, Cu—P bond for other phosphines in 3-coordinate 2.170 A 0.031 A 
02P copper species, where two ligands are non-phosphine  
Cu—PMe3 , Cu—P bond for trimethylphosphine in 4-coordinate 2.250 A 0.027 A 
4 coord copper species  
Cu—P, Cu—P bond for other phosphines in 4-coordinate 2.171 A 0.029 A 
OP3 copper species, where one ligand is non-phosphine  
Cu—P, Cu—P bond for other phosphines in 4-coordinate 2.256 A 0.024 A 
02P2 copper species, where two ligands are non-phosphine  
P—C bond for aromatic carbon atoms 1.826 A 0.012 A 
aromatic  
P—C_Me P—C bond for methyl groups 1.811 A 0.017 A 
P—C, other P—C bond for non-methyl aliphatic groups 1.844 A 0.021 A 
aliphatic  
0•C 0—C bond for phenoxides 1.327 A 0.025 A 
aromatic  
0—C bond for alkoxides 1.432 A 0.030 A 
aliphatic  
CU-0—CU Cu-0--Cu bond angle in all dinuclear species 98.00 2.90 
O—Cu—O 0—Cu--0 bond angle in all dinuclear species 81.3 0  2.2° 
Cu—O---C, Cu-0--C bond angle in 3-coordinate copper 128.80 4.80 
3-coord species(I)  
Cu—O---C, Cu-0--C bond angle in 3-coordinate copper 130.00 2.40 
4-coord species(1)  
Cu—P—C All Cu—P—Cangles 115.1 0  4.1 0 
P—Cu--P, P—Cu—P angle for mononuclear 3-coordinate 121.40 - 
Mono, 3-coord copper(I) species  
P—Cu—P, P—Cu—P angle for mononuclear 4-coordinate 108.10 12.1 0  
Mono, 4-coord copper(1) species  
P—Cu—P, P—Cu—P angle for dinuclear 4-coordinate copper(I) 120.30 5.80 
Di, 4-coord species  
O—Cu---P, 0—Cu--P angle for mononuclear 3-coordinate 117.20 5.7 
Mono, 3-coord copper(l) species  
O—Cu--P, Small 0—Cu—P angle for asymmetric dinuclear - 128.70 3.00 
Di, 3-c, small coordinate copper(l) species  
O—Cu—P, Large 0—Cu—P angle for asymmetric dinuclear 3 - 148.40 4.5 
Di, 3-c, large coordinate copper(1) species  
O—Cu—P, 0—Cu—P angle for mononuclear 4-coordinate 109.50 4.7 
Mono, 4-coord copper(1) species  
O—Cu--P, 0—Cu—P angle for dinuclear 4-coordinate copper(1) I 111.70 4.7 Di, 4-coord species 	 - 	 -- - 	 - -. 
Table 4.2 - Sumnialy of bond lengths and angles observecl witlun tile usu ior oonas corresponumg to 
types observed in the five structural motifs of interest. More details of the origins of these values and 
the numbers of independent fragments used in their determinations are given in the remainder of this 
chapter. 
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4.3 Results: Phosphines ligated to 3-coordinate copper(t) 
A search in version 5.21 of the CSD' was performed for phosphines ligated to 3-
coordinate copper(I), excluding any structures containing other metals, and specifying 
the 313-coordinates and Rf 0.075 filters. For those structures with Rf < 0.075 but Rf 
2 0.05, an additional filter of average Cc_c 0.03 was applied. For any structures 
that were duplicated, the version with the lower Rf was used, unless there was good 
reason not to (e.g. errors in the structure). 124 structures 12  were found that matched 
these requirements, with 3 additional structures (3a-1, 3c-1 and 3c-3) solved and 
refined locally. Two of these (3a-1 and 3c-3) were also sufficiently well determined 
for inclusion in the statistical analysis. 
A search of the database structures for the P--Cu distance yielded 226 fragments 12 
with a very broad distribution (Figure 4.1 and Table 4.3). All tables in this thesis 
include a value for the number of crystallographically independent fragments used to 










V 	"v 	I,. 	 1,•  
P-Cu (A) 
Figure 4.1 - Graph showing the broad distribution of the P--CU bond length in 
3-coordinate copper(I) species. 
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P—Cu 2 , 232 0038 226 (124) 2.119 2.311 
Table 4.3 - Table listing the parameter statistics for the P—Cu bond length in 
3-coordinate copper(I) species. 
This distance is found to depend almost entirely on steric factors. The structures can 
be split into categories based on the number of bulky phosphines around the central 
copper atom and also on the size of the other groups (Table 4.4). Table 4.5 lists the 
parameters for the P--Cu distance for each category. 
Category 1 Category 2 Category 3 Category 4 Category 5 
No. of 1 1 2 2 3 
phosphines  
Type of other Second row At least 1> Second row > second row - 
groups donors second row donors donor 
donor  
Table 4.3 - table snowing the live categories mto wlucfl tile F'—Cu Dona iengin can Dc aiviaeci. I ne 
other ligated groups are divided according to size by their position in the periodic table. 








Category ! 2.164 0.029 28(22) 2.119 2.243 
Category 2 2.230 0.030 97(55) 2.171 2.311 
Category 3 2.253 0.021 64 (23) 2.208 2.293 
Category 4 2.257 0.017 28 (16) 2.224 2.293 
Category 5 2.267 0.021 9 (3) 2.232 2.305 
Table 4.5 - Table listing the parameter statistics for the five dilierent categories of P—Cu bond length 
in 3-coordinate copper(I) species. 
Additionally the Category I structures can be divided into structures where the 
phosphine is trimethyiphosphine, and when it is not (Table 4.6). This is not possible 
for category 2 structures as only I structure out of 55 contains trimethylphosphine. 
Category Mean (A) Standard No. of Minimum Maximum 
Deviation (A) Fragments value (A) value (A) 
Categoryl – 2.141 0.008 8(5) 2.132 2.157 
PMe3  
Category! - 2.173 0.030 20(17) 2.119 2.243 
not_PMe, 
Table 4.6 - Category 1 structures exhibit different distributions if the phosphine group is 
trimethylphosphine. 
The crystal structures solved and refined locally give values falling into these ranges. 
Structure 3a-1 is a Category 3 structure, with two P--Cu bonds of 2.2535(10) and 
2.2697(10) A. Structures 3c-1 and 3c-3 are both Category 1 structures not containing 
trimethyiphosphine, with P--Cu bonds of 2.111(5) and 2.1225(5) A respectively. 
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In practice the distribution can be divided into just four categories. These are 
structures with one trimethyiphosphine and two small donors, structures with one 
other phosphine and two small donors, structures with one phosphine and at least one 
large donor, and the others with two phosphines or more (i.e. an amalgamation of 
categories 3 - 5). Table 4.7 lists the statistical parameters for these three groups of 
structures, including the structures performed locally. 








Categoryl - 2.141 0.008 
PMe3  
8(5) 2.132 2.157 
Category 1-not 
PMe3 
2.170 0.031 21(18) 2.119 2.243 
Category 2 2.230 0.030 97(55) 1 	2.171 2.311 
Categories 3-5 2.256 0.020 103 (43) 1 2.208 2.305 
Table 4.7 - Table showing the distributions of the 1-Cu bond length in i-coorainate C0CF(1) 
species. including the Edinburgh structures, used in the force field parameterisation. 
The P-C distance in the phosphine ligands can be divided into two categories based 
on the nature of the carbon atom. Table 4.8 lists the bond statistics for aromatic 
phosphines compared to aliphatic ones. 
Parameter Mean (A) Standard No. of Minimum Maximum 
Deviation (A) Fragments value (A) value (A) 
P-C 1.825 0.013 461 (97) 1.782 1.873 
aromatic  
P-C 1.845 0.029 264 (57) 1.752 1.959 
aliphatic 
Table 4.8 - Table to compare the dillerence in aiipliatic and aromatic 1'-(.J bond lengths. 
The aromatic distribution has a small standard deviation and a tight statistical 
distribution, but the aliphatic carbon atom distribution is much broader. This 
distribution can be split, by removing the P-Me bond lengths (Table 4.9). The 
remaining distribution is significantly affected by disorder, with a tight distribution 
being revealed after the disordered structures are removed (Table 4.9). 








P-C_Me 1.808 0.017 42(9) 1.752 1.834 
P-C_other 1.852 0.026 222 (48) 1.756 1.959 
P-C_ other - 1.845 0.017 
no disorder  
102 (30) 1.769 1.914 
Table 4.9 - Table to compare d.i.tterent trpes 01 aiipnatic i'-k bond iengms. 
Structures 3a-1 and 3c-3 both contain triphenylphosphine ligands and have mean 
values for the P-C bond length of 1.823(3) and 1.827(2) A respectively. Structure 
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3c-1 has a trimethyiphosphine ligand with a mean value for this bond of 1.777(35) A. 
All three sets of values fall within expected ranges for their types. Table 4.10 lists the 
bond length distributions for P-C bonds including the Edinburgh structures. 








P-C_Me 1.808 0.017 42(9) 1.752 1.834 
P-C aliphatic 1.845 0.017 
other -_no_dis  
102 (30) 1.769 1.914 
P-C aromatic 1.825 0.013 470 (99) 1.782 1.873 
Table 4.10 - Table listing the statistics for the 1-(J bond length in 3-coordinate copper(l) species usea 
in the force field parameterisation. 
The final parameter of importance for 3-coordinate copper phosphine complexes is 
the Cu-P--C bond angle (Table 4.11). The distribution is very broad and this is 
characteristic of phosphines, due to the varying cone angles 13 . 
Parameter Mean (°) Standard No. of Minimum Maximum 
Deviation (°) Fragments value (°) value (°) 
Cu-P-C, 114.4 4.1 725 (124) 100.7 127.1 
no Edinburgh  
Cu-P-C, 114.4 4.1 734 (126) 100.7 127.1 
+_Edinburgh  
Table 4.11 - Table listing the bond angle distributions for the Cu-P-C bond angle in 
3-coordinate copper(I) species, both with and without the Edinburgh structures. 
4.3.1 Summary of observed parameters for phosphines ligated to 
3-coordinate copper(I) 
Standard No. of Minimum Maximum 
Parameter Mean Deviation Fragments value value 
Cu-P 
(PMe3) 2.141 0.008 8(5) 2.132 2.157 
Category 1  
Cu-P 
(notPMe3) 2.170 0.031 21(18) 2.119 2.243 
Category 1  
Cu-P 2.230 0.030 97(55) 2.171 2.311 
Category 2  
Cu-P 2156 0.020 103 (43) 2.208 2.305 
Categories 3-5  
P-C_Me 1.808 0.017 42 (9) 1.752 1.834 
P-C 
aliphatic 1.845 0.017 102 (30) 1.769 1.914 
other - no dis 
P-C 1.825 0.013 470 (99) 1.782 1.873 
aromatic  
Cu-P--C 114.4 4.1 734(126) 100.7 127.1 
Table 4.12 - Summary 01 retrieved parameters reiaung to pnospiunes ugatea to .i-cooratnate copper(1). 
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4.4 Results: Alkoxides and phenoxides ligated to 3-
coordinate copper(I) 
Copper(I) alkoxide and phenoxide structural chemistry is a very difficult topic to 
tackle for the molecular modeller as very little good crystal data are available. A 
search of version 5.21 of the CSD for an alkoxide or aryloxide oxygen atom bound 
only to a 3-coordinate copper(I) and a carbon atom reveals a total of 5 structures with 
Rf < 0.075 and with 3D coordinates defined. A separate search for bridging alkoxide 
or aryloxide oxygen atoms as seen in the dinuclear species of structural type 02P 
reveals 6 structures meeting the same requirements. Four additional structures were 
included in the analysis, which were coordinated through a bridging alkoxide or 
aryloxide oxygen atom, with one of the other positions coordinated by an alkene or 
alkyne. Two of the three structures determined locally (3a-1 and 3c-3) were also 
sufficiently well determined for inclusion. 
A study of the Cu--O bond lengths in the fifteen 14  database 3-coordinate copper(I) 
structures gives the distribution in Table 4.13 and Figure 4.2. 








Cu--O 1.949 0.036 33 (15) 1.870 1.997 
Table 4.13 - Distribution of the Cu—U bond length tor aixoxiaes and pnenoxiaes iigatea 10 .i- 
coordinate copper(I). 
N. 
Figure 4.2 - Graph showing the distribution of the Cu--O bond length for alkoxides and phenoxides 
ligated to 3-coordinate copper(I). 
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Although this distribution is rather broad (Figure 4.2), this is mainly a consequence of 
the unsymmetrical copper(I) environment (section 3.5) seen for these compounds. 
Splitting the structures into unbridged and bridged oxygen atoms improves the 
distribution for the bridged structures slightly, but makes the unbridged structures 
worse. Splitting the distribution into phenoxides and alkoxides has no effect. The 
structures can therefore be regarded as only having one type of oxygen atom overall. 
The three structures with 3-coordinate copper(I) solved and refined at Edinburgh (3a-
1, 3c-1 and 3c-3) match the non symmetrical Cu--O nature of these compounds, 
although the distribution is more extreme. 3a-1 has one Cu--O bond of 1.933(2) A. 
In 3c-1 and 3c-3 the shorter Cu--O bond lengths are 1.931(9) and 1.9349(12) A and 
the longer bonds 2.030(10) and 1.9944(13) A respectively. Table 4.14 lists the 
distribution including the two Edinburgh structures (3a-1 and 3c-3) with sufficiently 
good data for inclusion. 








Cu-0 1.949 0.035 36 (17) 1.870 1.997 
Table 4.14 - Distribution of the CU-0 bond length for alkoxides and phenoxictes ligated to 3- 
coordinate copper(1), including the structures 3a-1 and 3c-3. 
This distribution is difficult to interpret without taking into account the non-
symmetric nature of many of the compounds. If all the 3-coordinate dinuclear 
copper(I) species introduced in chapter 3 are used (i.e. types 02P and ½(04P3), 
ignoring the Rf rule, then it is observed that each structure has one short Cu--O bond 
and one long Cu-0 bond (Table 4.15). This asymmetry is discussed in greater detail 
in both section 4.9 and chapter 5. 
Parameter Mean (A) Standard No. of Minimum Maximum 
Deviation (A) Fragments value (A) value (A) 
C11-0 1.946 0.013 5(5) 1.931 1.960 
short  
Cu-0 2.000 0.017 5 (5) 1.985 2.030 
long 
'table 4.15 - Distribution of the Uu—t.) boncl iengtn tor aiicoxiaes ana pnenoxicies ugatea to s- 
coordinate copper(I), including the structures 3a-1 and 3c-3. 
The C—O bond length in the coordinated alcohol will depend on the nature of the 
carbon atom. The distributions for aromatic and aliphatic carbon atoms are listed in 
Table 4.16. 
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Parameter Mean (A) Standard No. of Minimum Maximum Deviation (A) Fragments value (A) value (A) 
0—c 1.337 0.024 25(11) 1.284 1.372 
aromatic  
0—c 1.438 0.023 18 (4) 1.411 1.477 
aliphatic 
Table 4.16 - Distributions comparing the C---k) bond length tor alkoxides anu plienoxides iigatea to i- 
coordinate copper(1). 
Both 3a-1 and 3c-1 have aromatic phenoxide groups with C—O bonds of 1.316(4) 
and 1.343(15) A respectively, fitting the observed distribution. 3c-3 has an alkoxide 
carbon and a short C—O bond of 1.397(2) A, which does not fit the observed 
distribution. However, this can be explained by the inductive effect of the two 
aromatic groups bound to Cli (see Figure 3.3 for atom labelling), and is similar to the 
C—O bond length in other structures with benzhydrol coordinated to a metal 15 . The 
values including 3a-1 and 3c-3 are listed in Table 4.17. 
Parameter Mean (A) Standard No. of Minimum Maximum Deviation (A) Fragments value (A) value (A) 
O—C 1.336 0.024 26(12) 1.284 1.372 
aromatic  
0—C 1.436 0.025 19 (5) 1.397 1.477 
aliphatic 
Table 4.17– Distributions comparing the C—O bond length tor alkoxicles and pflenoxlcles ligated to 3- 
coordinate copper(I), including the Edinburgh strhuctures 3a-1 and 3c-3. 
The Cu(I)—O---C bond angle is important in establishing the orientation of the 
alkoxide or phenoxide with relation to the central metal atoms. One of the database 
structures (CSD reference code HTZZIZ 16) has been neglected for this parameter as 
the angle is severely constrained by the structure itself. Table 4.18 lists the 
accumulated values for all the database structures. 








Cu-0---C 127.9 4.9 33 (14) 119.3 139.4 
Table 4.18– Distributions of the Cu—U—C bond angle for alkoxicles and pflenoxiaes ligated to 3- 
coordinate copper(I). 
Although the distribution can be split into those structures that are bridged through an 
oxygen atom and those that are not, this results in no significant improvement. The 
range of angles seen in the structures is quite large, giving a large standard deviation. 
Of particular interest is that all three Edinburgh structures exhibit an unsymmetrical 
copper(I) centre, but not around this Cu—O--C bond angle. All three structures have 
values close to the mean. 3a-1 has one Cu--O--C angle of 133.5(2)°, and structures 
3c-1 and 3c-3 each have two of 128.3(9)°, 130.8(9)°, 129.75(11)° and 131.48(i1)° 
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respectively. 	Table 4.19 lists the distribution parameters, including the two 
appropriate locally determined structures. 








Cu--O--C 128.8 4.8 36 (16) 119.3 139.4 
Table 4.19 - Distributions of the Cu-0--C bond angle for alkoxides and phenoxides ligated to 3- 
coordinate copper(I), including the Edinburgh structures 3a-1 and 3c-3. 
From the parameters seen for copper(I) alkoxides and phenoxides it is apparent that 
the unsymmetrical copper(I) centre of the ligands is an important feature in 
broadening many of the observed distributions of structural parameters. Reproduction 
of this feature will be an important element in the modelling of structures of type 02P 
and Y2(04P3) (see Chapter 5). 
4.4.1 Summary of observed parameters for alkoxides and 
phenoxides ligated to 3-coordinate copper(I) 
Parameter Mean (°) Standard No. of Minimum Maximum 
Deviation (°) Fragments value (°) value (°) 
Cu3-0 1.946 0.013 5 (5) 1.931 1.960 
short  
Cu3-0 2.000 0.017 5 (5) 1.985 2.030 
long  
0—C 1.336 0.024 26 (12) 1.284 1.372 
aromatic  
0—C 1.436 0.025 19 (5) 1.397 1.477 
aliphatic  
Cu-0---C 128.8 4.8 36(16) 1 	119.3 139.4 
Table 4.20 - Summary of retrieved parameters relating to alkoxides and phenoxides ligated to 3- 
coordinate copper(I) for use in defining force field parameters. These values include structures 3a-1 
and 3c-3, solved and refined at Edinburgh. 
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4.5 Results: Phosphines ligated to 4-coordinate copper(t) 
A search in version 5.21 of the CSD' was performed for phosphines ligated to 4-
coordinate copper(I), excluding any structures containing other metals, and specifying 
the 3D-coordinates and Rf 0.05 filters. Enough structures were available to neglect 
any structures with 0.05 0.075. For any structures that were duplicated, the 
version with the lower Rf was used, unless there was good reason not to (e.g. errors in 
the structure). 219 structures 17  were found that matched these requirements, with 4 
additional structures (3e-1, 3e-2, 3g-1 and 3g-2) solved and refined locally. Two of 
these structures (3e-2 and 3g-2) matched the criteria for inclusion in the statistical 
analysis. 
As for the 3-coordinate copper(I) phosphine species, a broad distribution is seen 











(0 (0 C'J tN 	(0 00 C) (N 	(0 00 
C 	(N (N (N 	(N (N ('4 ('4  
P-Cu (A) 
Figure 4.3 
I Parameter I 	Mean (A) Standard I 	No. of I 	Minimum I 	Maximum I Deviation (A) I Fragments value (A) I value (A) 
P—Cu 2.264 0042 463 (219) I 2.124 2.369 
Table 4.21 - Distribution of the P—Cu bond length in all observed database structures with a 
phosphine ligated to a 4-coordinate copper(I) atom. 
-87 - 
Chapter 4– CSD structural study of alkoxy- and aryloxycopper(J) phosphine complexes 
As for the 3-coordinate copper(I) this distance is found to depend almost entirely on 
steric factors. The tnmethylphosphine groups (only 6 structures observed) can be 
treated separately (see Table 4.22). The remaining structures can be split into 
categories based on the number of bulky phosphines around the central copper atom 
and also on the size of the other groups (Table 4.23), with six separate categories 
(instead of five for the 3-coordinate species) being applied, all with satisfactory 
distributions. An analysis of the results indicates that categories 1-3 can be treated 
separately, whereas Categories 4-6 can be grouped together, as shown in Table 4.24. 
For the trimethyiphosphine-containing structures it is not possible to say whether 
analogous categorisation would be appropriate due to the small number of observed 
structures. 
Parameter Mean (A) 
I 	Standard  
Deviation (A) 






P(Me3}—Cu 2.261 I 	0.016 I 11 (6) 	- I 	2.239 I 2.282 
Table 4.22 - k'—Cu DOflU iengtns ror rivie3 groups. 
Category 1 Category 2 Category 3 Category 4 Category 5 Category 6 
No. of 1 1 2 2 3 4 
phosphmes  
Type of All second 
At least 1> All second 
At least 1> Any non- 
other row donors 
second row row donors 
second row metal  
- 
groups  donor  donor  
Table 4.23 - L)escnptlon or me six category types ooserveci ior me nou-i.riuteutyipuuspiuu uu4w. 
The other ligated groups are divided according to size by their position in the periodic table. 







Category ! 2.171 0.029 22(20) 2.124 2.218 
Category 2 2.229 0.026 84 (54) 2.180 2.277 
Category 3 2.256 0.024 120 (57) 2.197 2.359 
Categories 4-6 2.291 0.031 222 (83) - 	 2:221 	. 2.369 
Table 4.24 - Summary or Me ?—Cu Dona iengms in me amerent ooservea caLegoris I1dULV 't.LJ). 
Categories 1, 2 and 6 are all unimportant to this project, as none of these patterns 
occur in the five structural types of interest, but they do reflect the overall trends 
observed of longer bond lengths for structures with larger atoms in the first 
coordination sphere. 
The crystal structures solved and refined locally fit these observed distributions. 
Structures 3e-2 and 3g-1 are both ligated by trimethylphosphine groups. 3e-2 exhibits 
four crystallographically unique P--Cu bonds of 2.194(3), 2.246(3), 2.196(3) and 
2.242(3). 3g-1 exhibits two crystallographically unique P--Cu bonds of 2.208(4) and 
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2.212(4) A respectively. 3e-1 and 3g-2 each have one crystallographically unique 
Category 3 copper(I) with two P-Cu bonds per structure of 2.280(4), 2.288(4), 
2.27 15(16) and 2.2702(16) A respectively. 







Cu-PMe3 2.250 0.027 15 (7) 2.194 2.282 
Category 1 2.171 0.029 22(20) 2.124 2.218 
Category 2 2.229 0.026 84 (54) 2.180 2.277 
Category 3 2.256 0.024 122 (58) 2.197 2.359 
Categories 4-6 2.291 0.031 222 (83) 2.221 2.369 
Table 4.25 - Summary ot all categones 0! F--Cu oona iengtn, mcivamg me structures uetermineu 
locally at Edinburgh. 
The P-C bond length can again be separated into 3 categories based on the nature of 
the carbon atom. These three types are those where the carbon is an aromatic group, a 
methyl group, or other aliphatic carbon (Table 4.26). 
Parameter Mean (A) Standard No. of 
Minimum Maximum 
value (A) Deviation (A) Fragments value (A) 
P- 1.827 0.011 432 (206) 1.767 1.875 
C_aromatic  
P-C Me 1.818 0.013 35 (17) 1.782 1.839 
P-C al other 1.843 0.025 137 (47) 1.758 1.935 
P- 
C_al_other, 1.844 0.024 106 (38) 1.774 1.935 
no disorder  ____________ ____________ ___________ 
Table 4.26 - Table Iistmg tile observed stausucal aataoase parameters ior me r-k. ounu ieiigui ill 
4-coordinate copper(I) species. 
The Edinburgh structures fit these distributions. Structures 3e-1 and 3g-2 both 
contain triphenylphosphine groups with mean P-C bond lengths of 1.803(20) and 
1.801(21) A respectively. 3e-2 and 3g-1 both contain trimethylphosphine groups with 
mean P-C bond lengths of 1.803(19) and 1.827(12) A respectively. The parameter 
statistics are listed in Table 4.27 including the Edinburgh structures. 
Parameter Mean (A) Standard No. of 
Minimum Maximum 
Deviation (A) Fragments value (A) value (A) 
P-C, 1.827 0.011 438 (207) 1.767 1.875 
aromatic  
P-C Me 1.814 0.016 47( 8) 1.768 1.839 
P-C al other 1.843 0.025 137 (47) 1.758 	- 1.935 
Table 4.27 - Table listing the observed statistical database parameters tor me F-C oona iengm in 
4-coordinate copper(I) species, including the locally determined Edinburgh structures. 
Table 4.28 lists the database values for the Cu-P-C angle, and the Edinburgh 
values can be seen to match this information, with mean values of 116.1(34) and 
116.8(33) for 3e-1 and 3e-2 respectively, and of 115.4(19) and 114.8(35) A for 
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structures 3g-1 and 3g-2 respectively. As for the 3-coordinate copper(I) species, the 
distributions are broad. 









Cu-P-C 116.1 3.9 463 (219) 104.6 130.1 
Cu-P-C 
+ Edinburgh 116.1 3.9 481 (221) 104.6 130.1 
structures 
Table 4.28 - Table listing the observed statistical database parameters for the Cu-P-C bond angle in 
4-coordinate copper(1) species with and without the Edinburgh structures. 
4.5.1 Summary of observed parameters for phosphines ligated to 4-
coordinate copper(I) 
Standard No. of Minimum Maximum 
Parameter Mean Deviation Fragments value value 
Cu-P(Me3) 2.250 0.027 15 (7) 2.194 2.282 
Cu-P 2.171 0.029 22 (20) 2.124 2.218 
Category 1  
CU-P 2.229 0.026 84 (54) 2.180 2.277 
Category 2  
Cu-P 2.256 0.024 122 (58) 2.197 2.359 
Category 3  
CU-P 2.291 0.031 222 (83) 2.221 2.369 
Categories 4-6  
P-C_Me 1.814 0.016 47 (18) 1.768 1.839 
P-C _al_other 1.843 0.025 137 (47) 1.758 1.935 
P-C, 1.827 0.011 438 (207) 1.767 1.875 
aromatic  
Cu-P-C 116.1 3.9 481 (221) 104.6 130.1 
Table 4.29- Summary of retrieved parameters relating to phosphines ligated to 4-coordinate copper(I). 
These values include structures 3e-2 and 3g-2, solved and refined at Edinburgh. 
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4.6 Results: Alkoxides and phenoxides ligated to 4-
coordinate copper(I) 
As for the 3-coordinate copper(1) alkoxide and phenoxide species, the main feature of 
the 4-coordinate copper(I) alkoxides and phenoxides is the lack of available data. A 
search of version 5.21 of the CSD for an alkoxide or aryloxide oxygen atom bound 
only to a 4-coordinate copper(I) atom and restricted to 2 bound atoms gives 6 
structures yielding 8 fragments meeting the standard requirements. The bridging 
motif gives 5 structures with 7 fragments meeting the standard requirements. Two of 
the four crystal structures determined locally (3e-2 and 3g-2) were of sufficient 
quality to merit inclusion, both of which were of bridging type 02P2 (see Chapter 3 
for definition of structural motifs). 
An analysis of the Cu--O bond lengths for all 11 database structures 18  gives the 
distribution in Table 4.30, which is observed to be quite broad. 
I Parameter I 	Mean (A) I 	Standard I 	No. of I 	Minimum I 	Maximum 	I I Deviation (A) I Fragments I value (A) I value (A) 
0--Cu 2.064 I 0.045 I 20 (11) 1.974 I 2.156 
fable 4.30 - t3ond iengtfl wstnbution tor me eu—u oona in coppenu) aioxiaes aIla pnnoxiues. 
The locally determined structures with 4-coordinate copper(I) ligated by an alkoxide 
all have copper(I) centres of type 02P2. Structures 3e-1 and 3e-2 both exhibit 0—Cu 
values within the ranges of this distribution, with 3e-1 having 2 bonds with values of 
2.119(8) and 2.152(7) A. 3e-2 has 4 bonds with values of 2.080(5), 2.083(5), 
2.093(5) and 2.064(5). Structures 3g-1 and 3g-2 each have 2 Cu-0 bonds of 
2.157(8), 2.200(7), 2.111(4) and 2.235(4) A respectively. Including the locally 
determined structures increases the standard deviation. Splitting the compounds by 
bridged or unbridged oxygen atoms does not improve the distributions. However, if 
only the structures matching one of the five structural types of interest are used (i.e. 4-
coordinate copper(1) atoms bound solely by alkoxides/phenoxides and phosphines), 
with the locally determined structure 3e-2 included, the results are improved 
considerably (Table 4.31). 
I 	Parameter Mean (A) I 	Standard I 	No. of Minimum Maximum Deviation (A) I Fragments value (A) value (A) 
0--Cu I 	2.080 I 0.026 I 8 (4) 2.023 I 	2.108 
Table 4.31 - J3oncl lengtfl cllstnbutlOfl tor inC UU—&) DOflQ in 4-Cooralnate copperii Species. 
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Structure 3g-2 is neglected as it is sterically hindered to an exceptional level, having 
both triphenyiphosphine and pentafluorophenoxide groups. The conclusion to be 
drawn is that a great deal of variation can be observed in the environment of 4-
coordinate copper(I), due largely to steric constraints imposed by the coordinated 
ligands. 
A satisfactory distribution is observed for the C—O bond length using all 11 
alkoxide/phenoxide compounds (Table 4.32). It is perhaps surprising that a bimodal 
distribution is not observed, but this is due to the presence of only one structure with 
an aliphatic carbon atom. Additionally, this aliphatic C—O distance is shorter than 
might be expected due to the presence of two CF3 groups on the carbon atom 
(structure HEZXAL, 3b-1, with a hexafluoroisopropanoxide ligand). 
The locally determined structures all contain phenoxides. 3e-1 and 3e-2 both contain 
unsubstituted phenoxide, and each has two crystallographically independent values 
for the C—O distance of 1.245(17), 1.222(18), 1.305(8) and 1.297(8) A respectively. 
These values for 3e-1 are somewhat shorter than might be expected, and the reasons 
for this are not fully understood. 3e-1 and 3e-2 both contain pentafluorophenoxide 
ligands, and each has two crystallographically independent values for the C—O 
distance of 1.337(15), 1.3 50(14), 1.330(6) and 1.328(6) A respectively. The two 
Edinburgh structures of sufficient quality to merit inclusion in the distribution are 3e-
2 and 3g-2. Their values are included in Table 4.32 to give the distribution for the 
aromatic C—O distance. 
Parameter Mean (A) 
I 	Standard I 	No. of I 	Minimum I 	Maximum 	I 
Deviation (A) Fragments value (A) I value (A) 
0—C I 	1.316 0.025 I 	15 (11) I 	1.282 I 1.355 
O—C_aromatic I 1.314 I 	0.021 I 18 (12) I 1.282 I 	1.354 	I 
Table 4.32 - C—O bond lengths in the 4-coordinate copper(l) atKoxiae aria pnenoxiae species. 
The final parameter of importance for alkoxides and phenoxides is the Cu-0—C 
bond angle. A very broad distribution is seen for this parameter (Table 4.33). This is 
due to many of the ligands being sterically constrained by being part of a chelate ring 
to the same copper(I) atom. If these are removed from the distribution and structure 
3e-2 added to the sample set, the distribution is much improved (Table 4.33). 
Structure 3g-2 is not included because of the exceptional level of steric hindrance 
observed in the structure. 
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I 	Parameter I 	Mean (A) I 	Standard  I 	No. of I 	Minimum I 	Maximum 	I I Deviation (A) I Fragments I value (A) I value (A) I 
Cu—O---C 118.2 I 8.2 I 20 (11) I 108.5 I 133.7 	I 
I 	Cu-4----, I 130.0 I 2.4 I 10 (5) I 126.7 I 	I 133.7 I unconstrained I 
Table 4.33 - Table comparing the values of the Cu-0--C angle for structures constrained by an extra 
donor atom, and for unconstrained structures. 
4.6.1 Summary of observed parameters for alkoxides and 
phenoxides ligated to 4-coordinate copper(I) 
Parameter Mean Standard No. of Minimum Maximum Deviation Fragments value value 
CU-0 2.080 A 0.026 A 8 (4) 2.023 X--2.108 A 
O-•C 1.314 A 0.021 A 18 (12) 1.282 A 1.354 A aromatic  
Cu—O---C 130.00 2.40 10 (5) 126.7° 133.7° 
Table 4.34- Summary of retrieved parameters relating to alkoxides and phenoxides ligated to 4- 
coordinate copper(I). These values include structures 3e-2 and 3g-2, solved and refined at Edinburgh. 
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4.7 Results: Bond angle parameters in the copper 
coordination sphere and Cu-0—Cu bridges 
So far all the major bond lengths in the copper(I) structures have been dealt with, 
along with all the bond angles involving the donor atoms in the ligands. However, the 
bond angles within the core have not yet been considered, namely the P--Cu-0, P-
Cu—P, O—Cu--O and Cu—O--Cu angles. 
In the mononuclear species, the only appropriate structures for use in this analysis are 
those that exactly match the structural motifs, i.e. those structures described in 
Chapter 3. If the three mononuclear species are examined the values in Table 4.35 are 
obtained. All structures are included, and the Rf rule is ignored. The 4-coordinate 
P—Cu—P bond angle has a standard deviation substantially increased by the steric 
constraints of the phosphine ligand in structure 3b-2. 
Standard No. of Minimum Maximum  
Parameter Mean ( ) Deviation (°) Fragments value (°) value (°) 
O—Cu—P, 117.2 5.7 2(l) 113.2 121.8 
3-coordinate 
P—Cu--P, 121.4 - 1(1) - - 3-coordinate  
O—Cu—P, 109.5 4.7 6 (2) 102.3 114.5 
4-coordinate  
P—Cu—P, 108.1 12.1 6(2) 87.7 125.2 
4-coordinate 
Table 4.35–The thsthbutions 01 the bond angles around tile central copper(l) atom m oom me .i- 
coordinate and 4-coordinate mononuclear species. 
If the Cu—O--Cu and O—Cu—O bond angles are determined for the 8 dinuclear 
species with copper only in the +1 oxidation state, as listed in Chapter 3, the 
satisfactory distributions in Table 4.36 are observed. All structures are included, and 
the R1 rule is ignored in this table. 
I I I Standard 	I No. of I 	Minimum Maximum 	I Parameter Mean (°) I 	Deviation (°) I Fragments value (°) I 	value  (°) 
Cu—O--Cu I 	98.0 2.9 I 15 (8) I 93.7 I 105.9 
I 	O—Cu--O I 81.3 2.2 I 	12(8) I 	79.2 I 85.6 	I 
Table 4.36 - The thstnbutions 01 the CU-U--Ui anu o—Cu --- u oona angies arouna me Lu2U2 img 
in the eight copper(I) dinuclear species. 
Interestingly these two bond angles appear to be oxidation-state independent to a first 
approximation. If a search is performed for all fragments of two copper atoms of any 
oxidation state bridged by two alkoxide or phenoxide oxygen atoms, the distribution 
in Table 4.37 is observed 19 . 
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I I Standard I 	No. of I 	Minimum Maximum 	I Parameter Mean Deviation (°) Fragments value (°) I 	value  (°) 
Cu—O---Cu I 	100.1 I 	4.0 I 	692 (316) 76.7 I 119.2 	I 
I 	o-_cu---o I 79.2 I 3.5 I 692 (316) I 	55.5 I 94 
Table 4.37– The distributions of the Cu—U--Cu and U—Cu--U Dona angies arouna me LU202 ring 
observed in the dinuclear species, including all copper oxidation states. 
For the P—Cu--O angle, the sample set is small, for each of the structural types. If 
the structures are divided into 3- and 4-coordinate copper(I) species, the distributions 
in Table 4.38 are observed. 
Standard No. of Minimum Maximum 
Parameter Mean () Deviation (°) Fragments value (°) value (°) 
P—Cu--O 135.0 13.0 12 (6) 113.2 154.2 
3-coordinate20 
P—Cu--O 111.7 4.7 42 (9) 102.3 119.5 
4-coordinate2' 
Table 4.38 - Summary 01 the disinDutions oi tile ia-CU--U oona angies ior .'-cooruinate ana '.- 
coordinate dinuclear species. 
This distribution is unacceptable for the 3-coordinate species. The large standard 
deviation is caused by the unsymmetrical environment of the 3-coordinate copper(I) 
observed in structural motifs OP2 and '/z(O,P 3). If structure 3a-1 is neglected, with 
the assumption that any monuclear 3-coordinate P—Cu--O bond angles will conform 
to this structure, then each of the five remaining structures can be observed to have 
one small and one large P—Cu--O bond angle (Table 4.39) 
Standard No. of Minimum Maximum 
Parameter Mean (°) Deviation (°) Fragments value (°) value (°) 
P—Cu---O 128.7 3.0 5 (5) 125.4 132.0 
small  
P--Cu--O 148.4 4.5 5 (5) 142.9 154.2 
large 
Table 4.39 - The asymmetric 1'—Cu--O angie in i-coorcunate ainuciear species. 
This unsymmetrical behaviour correlates with the observed asymmetry in Cu-0 
bond lengths observed in 3-coordinate copper(I) species (section 4.3) and is explained 
in detail in chapter 5. Although broad, the distribution for the 4-coordinate P--Cu-
0 bond angle (Table 4.38) is acceptable for molecular modelling purposes. 
The P—Cu—P angles in 4-coordinate dinuclear species 22 are summarised in Table 
4.40. The distribution is broad and is likely to depend significantly on the steric 
properties of the phosphine group, but with a small statistical sample it is not possible 
to draw any conclusions about the nature of these properties. 
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I 	I I 	Standard No. of I 	Minimum 	I Maximum Parameter Mean (°) Deviation (°) 	I Fragments I value (°) I value (°) 
P-Cu--P 120.3 J 5.8 	I 5 (7) I 115.3 I 130.3 
Table 4.40 - The P-Cu-P bond angle distributions in 4-coordinate dinuclear species. 
4.7.1 Summary of bond angle parameters in the copper coordination 
sphere and Cu-O--Cu bridges 
Parameter Mean (°) 
Standard No. of Minimum Maximum 
Deviation (°) Fragments value (°) value (°) 
O-Cu-P, 117.2 5.7 2(l) 113.2 121.8 
3-coord, mono  
P---Cu-PI  121.4 - 1(1) - - 3-coord, mono  
O-Cu---P, 109.5 4.7 6 (2) 102.3 114.5 
4-coord, mono  
P-Cu--P, 108.1 12.1 6 (2) 87.7 125.2 
4-coord,mon  
Cu-O--Cu 98.0 2.9 15 (8) 93.7 105.9 
O--Cu---O 81.3 2.2 12 (8) 79.2 85.6 
P-Cu--O 
small, 128.7 3.0 5 (5) 125.4 132.0 
3-coord,_di  
P-Cu-O 
large, 148.4 4.5 5 (5) 142.9 154.2 
3-coord,_di  
P-Cu-O 111.7 4.7 42(9) 102.3 119.5 
4-coord,_di  
P-Cu--P 120.3 5.8 5 (7) 115.3 130.3 
4-coord,_di  
Table 4.41- Summaiy of retrieved parameters relating to alkoxides and phenoxides ligated to 4- 
coordinate copper(I). These values include structures 3e-2 and 3g-2, solved and refined at Edinburgh. 
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4.8 Results: Alkoxides and phenoxides ligated to 4-
coordinate copper(II) 
These species are of interest because copper was observed in the +2 oxidation state in 
the type 02P2/04 species, structures 3g-1 and 3g-2. 3g-2 is of sufficient quality to be 
included in the parameter analysis. A search in the database reveals 24 structures 23 
with a 4-coordinate copper(H) atom with four oxygen atoms ligated in a square planar 
geometry, and meeting the standard requirements. Table 4.42 gives the observed 
distribution for the Cu--O bond length. The locally determined structures fit this 
distribution. Both 3g-1 and 3g-2 have two crystallographically independent Cu(ll)-
0 bonds with values of 1.917(7), 1.934(8), 1.931(3) and 1.917(3) A respectively. 
Parameter 
I 
Mean (A) Standard 
I 	No. of I 	Minimum I 	Maximum 	I 
Deviation (A) I Fragments value (A) value (A) I 
I 	Cu01)-0 1.928 	I 0.025 I 	123 (24) I 1.877 2.008 	I 
I 1.928 I 0.025 I 125 (25) I I 	1.877 
I 	 I 
I 2.008 I 	+ Edinburgh I 
Table 4.42 - The Cu-0 bond length in copper(11) alkoxides and plienoxides in complexes witn an 04 
donor set. 
The only other parameter of importance is the 0—Cu--0 bond angle. The cis-angle 
inside the Cu202 ring was shown to fit the same distribution as for copper(I) (section 
4.6). The four oxygen donors are therefore slightly distorted from an idealised square 
donor set. 
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4.9 Using DFT to compare with parameters for copper(I) 
As there are few alkoxide and phenoxide copper(1) crystal structures available from 
which to obtain structural parameters, other methods were considered. To this end Dr 
Sarah Hinchley performed DFT calculations on four structural types, shown in Table 
4.43 
Structural type Alkoxide Phosphine Structure 
Cli CH3 
011 0' 
Type OP2 Methoxide, CH30r Phosphine, PH3 I Cul 








H3P 2 PH3 
CI1CH3 
~101CIO P1 	Cull 	P2 




P1 	oid 	P3 
Type 02P2 Methoxide, CH307 Phosphine, PH3 
H3P1 , Cu!0u2 11PH3 
•Q•( 	j 
' -qç;1 H3  
' 	
PH3 
P2 	I " 
C21 OH3 
'laWe 4.43 -' the tour molecules on wnicn iir I caicuiations were perronnea. 
These four structures enable comparisons to be made of the calculated and observed 
geometries. The calculations were performed within the Gaussian  24  suite of programs 
using B3LYP level of theory25 and the 6-3 1G*  basis set26 for all atoms, followed by a 
second calculation with the 6-31+G* basis set 26. It was hoped that the calculations 
would reproduce the asymmetry seen in the type 02P crystal structures, and also give 
comparable calculated parameters for the bond lengths and angles in all four 
structures. Unfortunately the asymmetry was not reproduced, so it was not considered 
necessary to perform calculations on the type V2(04P3) structures. The principal bond 
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lengths and angles are listed for all four structures in Tables 4.44 to 4.47, including 
the mean values obtained from the CSD searches in sections 4.2 - 4.5. 
Bond 631G* 631+G* CSD - Bond 631G* 631+G* CSD 









Cu!- 2.165 2.213 2.256(20) 
- 011- 117.1 96.3 
117.2 
P2 Cul-Pi  (57) 
Cul- 1.797 1.853 1.946(13) 
011- 126.0 139.9 
117.2 
011 Cul-P2  (57) 
011- 1.392 1.397 1.436(25) 
P1- 116.9 123.7 121.4(-) 
Cli Cul-P2 
rable 4.44 - Comparing the principal bond lengths and angles predicted by LW! methods with mose 
observed from the CSD for the type OP2 structure, using PH 3 and Me0 ligands. 
Bond 631G* 631fG* CSD - Bond 631G* 631+G* CSD 
length (A) (A) (A) - angle (°) (°) (°) 
Cul- 2.212 2.386 
2.261 Cul- 121.6 122.9 
130.0 
P1  (16) - 011-Cl!  (24) 
Cu!- 2.323 2.386 
2.261 011- 106.5 86.6 
109.5 
P2  (16) Cul-Pi  (47) 
Cu!- 2.192 2.255 
2.261 011- 83.0 86.6 
109.5 
P3  (16) Cul-P2  (47) 
Cul- 1.893 1.955 
2.080 011- 119.0 126.2 
109.5 
011  (26) - Cul-P3  (47) 
011- 1.388 1.392 
1436 .  113.9 110.5 108 (12) 
Cl!  (25) - Cul-P2  
P1- 114.8 119.5 108 (12) 
Cul-P3 I__ _______  
 115.5 119.5 108 (12) 
Cul-P3 
Table 4.45 - Comparing the principal bond lengths and angles predicted by DFT methods with those 
observed from the CSD for the type OP3 structure, using PH 3 and Me0 ligands. 
Bond 6_31G* 631+G* CSD - I Bond 631G* 631+G* CSD length (A) (A) (A) angle (°) (°) (°) 
Cu!- 2.063 2.155 2.170(31) 
Cu!- 95.32 95.94 98.0(29) 
P1 011-Cu2  
Cu!- 1.913 1.979 1.946(13) 
011- 84.31 83.94 81.3(22) 
011 Cul-021  
Cu!- 
021 






011- 1.400 1.401 1.432(30) 
Cu!- 131.02 131.40 
128.8 
Cli 021-C21  (48) 
011- 137.84 137.72 
148.4 
Cul-Pi  (45) 
021- 137.82 138.31 
128.7 
Cu!-P! 
with 4.46 - Comparing the principal bond lengths and angles predicted by DFT methods with those 
observed from the CSD for the type 0 2P structure, using PH 3 and Me0 ligands. 
_99- 
Chapter 4– CSD structural study of alkoxy- and aryloxycopper(I) phosphine complexes 
Bond 631G* 631+G* CSD - Bond 631G* 6.31.fl* CSD 
length (A) (A) (A) - angle (°) (°) (°) 
Cu!— 
2.185 2.297 
2261 . Cu!— 
95.80 93.38 98.0(29) 
P1  (16) - 011-4Cu2  
Cu!— 
2.186 2.277 
2261 . 011— 
84.21 86.65 81.3(22) 






0!!  (26) - 011—Cl!  (24) 
Cul— 
1.983 2.045 
2.080 Cu!— 125.99 125.92 
130.0 






C!!  (25) - Cu!—Pl  (47) 
 111.7 
108.14 104.44 












Cu!—P2  (58) 
'lame 4.47 - comparing tue pnncipau DOIIU iengms ana angles preaictea oy yr I memous wim muse 
observed form the CSD for the te 0 2P2 structure, using P113 and MeO ligands. 
The DFT calculations are observed to poorly represent both the Cu—P and Cu-0 
interactions in the crystal structures of both monomeric species, whilst in the dimeric 
species only the Cu-0 interaction is poorly reproduced. In particular, the 
environment of the 3-coordinate copper in the dinuclear species exhibits no 
unsymmetrical behaviour with respect to the alkoxide. DFT calculations were hence 
abandoned as a tool for parameterising these systems. 
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4.10 Summary of observed parameters in a CSD study of 
alkoxy- and aryloxycopper(I) phosphines. 
In conclusion, this study has shown that bond lengths are principally dependent upon 
atom-type, whereas bond angles depend mainly on the structural motif. The 
information gathered enables a detailed parametensation to be performed. This 
molecular mechanics parameterisation must reproduce the features observed in Table 
4.2. Although many of the sample sets used to derive the geometric parameters were 
very small, enough structural information is available to enable an accurate 
reproduction of the observed structural motifs. The observed data and molecular 
mechanics calculations reinforce the theories postulated in Chapter 3 with regards to 
the formation of these motifs. Predictions of future structures were undertaken. This 
work is detailed and concluded in Chapter 5. 
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Chapter 5 
Modelling and prediction of new alkoxy- and 
aryloxycopper(I) phosphine complexes 
for the "liquid metals" project 
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5.1 Introduction: Modelling the steric effects of the ligands 
on the complex 
Having concluded that the copper(I) nuclearity of the complex is dependent on the 
steric bulk of the ligands (section 3.8), it becomes important to be able to quantify the 
ligand bulk and steric clashes. Molecular mechanics calculations', using the 
Universal Force Field version 1.02 within the visualisation  program CERIUS2, is 
very useful for this, as the calculation is based on a simple ball and stick hard sphere 
approach. The known structures are used to develop a customised force-field 
optimised for the system of interest (sections 5.2, 5.3, 5.4 and 5.5). By studying the 
close contacts between ligated groups it becomes possible to judge whether a model is 
realistic or not (section 5.6). This allows a full rationalisation of structure formation 
and enables the prediction of future structures (sections 5.7, 5.8 and 5.9). 
The steric influence and size of phosphines as ligands has been well understood since 
Tolman first developed  his cone-angle approach in 1970, and then expanded  it in 
1977. This was a revolutionary, but primitive form of molecular mechanics model, 
with the 'cone angle' defined as a property of the model (Figure 5.1). 
Figure 5.1 - A schematic diagram representing Tolman's cone angle. The magenta circle represents 
the phosphorus atom and the grey circles the attached organic groups. The cone angle is shown in blue, 
with the point of intersection representing the centre of the metal atom. Tolman set the M—P bond 
length to 2.28 A, which he regarded as a standard nickel—phosphorus bond length. 
The magnitude of the cone angle is affected by the length of the M—P bond, so 
Tolman based his calculations on a standard bond length of 2.28 A. Tolman 
developed a formula to calculate a cone angles not only for PR 3 groups, but also for 
any combination of PRR'R" groups. The cone angle theory was also used 5 
extensively on ligands containing the other heavy Group 15 elements arsenic, 
antimony and bismuth. 
_105- 
Chapter 5—Modelling and prediction of new alkoxy- and aryloxycopper(J) phosphine complexes 
This idea of cone angles provided one of the first simple quantitative methods for 
estimating the size of ligands. Following on from this, Imyanitov developed  a 
method of estimating cone angles for any ligand provided the atomic radii, van der 
Waals radii and molecular geometry are known. However, cone angles are much less 
applicable to phenoxides and other non-conical ligands than they are for phosphines. 
To deal with this, the concept of fan angle was developed  by Bagnall and Xing-fu in 
a study of actinides and lanthanides, and Ferguson et al used a similar  concept which 
they termed ligand profile. Many further valid developments 9 were made to this 
theory, but all of these lost the beauty of Tolman' s original method, which lay in its 
simplicity. 
As computing methods have advanced, the usefulness of these theories as methods for 
dealing with steric effects of large ligands has diminished, particularly with the advent 
of sophisticated molecular mechanics programs (such as CERIUS2 2, amongst others). 
These programs use force-fields which, if well parameterised, are able to produce 
more accurate results in seconds than could be done by hand over many days. 
Computational models to produce cone-angles have been developed 9 by Mosbo et al, 
but this theory has in reality been superceded by these new methods. 
Metal alkoxides and phenoxides show much less dependence on steric factors than 
phosphines, but are also generally much smaller in size. They can show variation 5 
around the M—O--C bond angle and in the M—O bond length depending on the 
nature of the carbon atom, but with a small sample set for copper(I), as observed in 
Chapter 4, it is not possible to draw any definite conclusions. 
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5.2 Parameters introduced to the UFF1.02 
The most important factor in molecular mechanics calculations is to have a well-
parameterised force-field. To this end the structural study using the CSD was 
undertaken' ° (Chapter 4) and it has enabled the parametensation' of the UFF1 .02 for 
copper(I) alkoxyphosphines and aryloxyphosphines (section 5.2.1). This section deals 
with the parameters developed for the modelling (sections 5.2.1, 5.2.2 and 5.2.3), and 
setting up the molecular mechanics calculation (section 5.2.4). 
5.2.1 Atom types 
The structural study enabled five new atom types to be parameterised for the UFF1.02 
(Table 5.1). These were two new copper atom-types, Cu2 and CO, for the trigonal 
planar and tetrahedral metal motifs respectively. A new oxygen atom type, 0_2cu, 
was included to model the alkoxide oxygen atom, and two new phosphorus atom-
types, P_3me for trimethyiphosphine, and P_36 for all other phosphine groups. The 





Stereochemistry Atomic radius, 
 r (A) 
Natural angle, 
(°) 
Cu2 Cu 3 Trigonal planar 1.23 140 
Cu3 Cu 4 Tetrahedral 1.30 109.47 
Cu4 Cu 4 Square planar 1.20 90 
0_2cu 0 2 or 3 Trigonal planar 0.90 130 
P_3me P 4 Tetrahedral 1.02 93.8 
P_3c3 P 4 Tetrahedral 1.05 93.8 
Table 5.1 - Showing the atom-types aaaea to me urr 1.02. 
5.2.2 Bond types 
Bond typing is particularly important for these systems. For the 3-coordinate 
copper(1) species it was observed that copper(1) phosphines had a shorter Cu—P bond 
length when only one phosphine group was bound than when two groups were bound 
(Chapter 4). To compensate for this, dinuclear 3-coordinate copper(1) complexes had 
the Cu3—P bond typed as resonant and the corresponding mononuclear species as 
single. The Cu3-0_2cu bond type was typed as resonant, except in the case of 
asymmetry, which is discussed in section 5.3. 
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The 4-coordinate copper(I) systems exhibit a short Cu4—P bond for species with two 
phosphines bound, and an even shorter bond for those with only one bound (Chapter 
4). However, it is not necessary for the species with only one phosphine bound to be 
reproduced, as this cannot occur in the species of interest (excluding" Type F 
structures) whilst still maintaining a charge neutral species. The dinuclear 4-
coordinate copper(1) species have the Cu3—P bond typed as resonant and the 
mononuclear species typed as single. The Cu3-0_2cu bond is typed as single. 
In addition to the bonds involving metal atoms, the C-0 2cu bond type was set to 
single and an appropriate bond length reproduced using restraints (section 5.2.3). All 
other bonds were typed as chemical knowledge dictates. These bond types can be 
used throughout all the mononuclear and dinuclear species, and are summarised in 
Table 5.2 and Figure 5.2. 
Bond Type in dinuclear species Type in mononuclear species 
Cu2—P_3X Resonant Single 
Cu2-0_2cu Resonant* Resonant 
Cu3—P_3X Resonant Single 
Cu3—O_2cu Single Single 
_X-0_2cu Single Single 
P_3X—€_X Single Single 
Table 5.2 - Summary of the bond types used in minimisations of the copper(1) alkoxyphosphmes and 
aiyloxyphosphines. The Cu2-0_2cu bond is starred in the dinuclear species as this is dependent on 






R 	R3P 	PR3 
Type C* 










Ty e D* 	 PR3 
R3P--CiI 	""Cu 
'•"0' 	- PR3 
R 
R' 
I Type  
R3P 	0 	PR3 
cd ct 
R3P - 	 PR3 
R' 
Figure 5.2 - A summary of the bond typing in the five different structural types. Structural types C 
and D are marked with an asterix to indicate their unsy mmetrical 3-coordinate copper(I) environments. 
The approach to modelling the asymmetry is described in section 53. A single bond is described by a 
solid black line and a resonant bond is described by a dashed red line. 
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5.2.3 Restraints 
Two distance restraints were introduced to the force-field (Table 5.4). These were 
required because of the unusually large size of the 0_2cu needed to reproduce the 
observed copper(I)—oxygen bond lengths in this class of structures. 
Bond length definition Distance (A) Force constant (kJ  
O_2cu C_3 1.40 100 
O_2cu C_R 1.30 100 
Fable 5.3 - Bond length restraints added to the UP  1.02 
In addition to the two distance restraints, angle restraints were also required, in 
particular to reproduce the central four membered Cu202 ring (Table 5.4). 
Angle definition ______ Angle (°) Force constant (ki mol' 01) 
CuX 0_2cu CuX 100 10() 
CuX 0_2cu C_Z 130 100 
0_2cu CuX 0_2cu 80 100 
P_Y CO 0_2cu 112 100 
P_V CO p_v 115 100 
P_V CO p_v 140 150 
Table 5.4 - Bond angle restraints added to the UFF 1.02 
where CuX = CO. CO -, P_3Y = P_3me. P_30: and C_Z = Any carbon atom-type 
The results of calculations using these values are shown with the reproduction of 
known structures in section 5.5. 
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5.3 Discussion of asymmetry in Type 0 2P and Type 
1/2(04P3) complexes 
As seen in Chapter 4, simple DFT calculations with no diffuse functions on the 
copper(I) atoms cannot reproduce the asymmetry observed in the 3-coordinate 
copper(I) species ligated by two phenoxide or alkoxide groups. Despite this, the 
observed asymmetry is very significant and it becomes important to be able to 
reproduce it with molecular mechanics calculations to be sure of being able to predict 
geometry in related species. As mentioned in section 5.2.2, it is necessary to set 
Cu3-0_2cu bond types to resonant to accurately reflect the bond distances seen. 
However, if one bond is set to resonant and the other to single the asymmetry in the 
bond lengths can be reproduced. The bond angles can also be reproduced with two 
angle restraints (Table 5.5 and Figure 5.3). It is important to get the restraints in the 
correct order. The 1550  restraint applies to the P—Cu3-0_2cu bond angle 
corresponding to the resonant Cu3-0_2cu bond. This gives reasonable reproduction 










R 3P<Q, 5C P R'3 
R 
Figure 5.3 - The restraints added by hand to reproduce the observed asymmetry in dinuclear 3- 
coordinate copper(l) species of structural Types 0 2P (left) and '/2(04P3). The dotted lines indicate 
bonds typed as resonant, and the solid lines indicate bonds typed as single. The restraints are marked in 
green and blue. 
Angle definition Angle (°) Force constant (kJ moE 1 A') 
P_3Y Cu2 0_2cu 155 100 
P_3Y Cu2 0_2cu 125 100 
Table 5.5 - Angle restraints used to reproduce observed asymrnetiy in structural types 021' and 
V2(04P3), where P_Y = P_3me or P_36. 
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5.4 Setting up the molecular mechanics calculation 
A list of steps to follow for setting up the molecular mechanics calculation is as 
follows. 
Draw the molecule in the sketcher. The molecule must be placed in an 
approximate, chemically reasonable configuration to prevent an unrealistic answer. 
Define the bond types. All bond types should be chemically reasonable, and 
correspond to the rules in section 5.2. In particular, attention was paid to the 
environment of Cu3 and Cu4 atoms. A dinuclear species should have all P--Cu 
bonds as resonant. All dinuclear CO species should have one Cu3-0_2cu bond 
type as single and the other as resonant (see section 5.3. 
Define the atom types. This should be done using the customised version of 
the UFF 1.02. In particular attention was paid to the new atom-types and these should 
be typed as in section 5.2. 
Apply restraints. Most restraints, as listed in section 5.2, are placed 
automatically by the customised force-field. Special attention was paid to any 
dinuclear species containing CO, and the asymmetric bond angle restraints placed by 
hand as described in section 5.3. 
Minimise the energy. Care was taken that the structure did not adopt a 
structure associated with a false minimum. This was done simulating Monte Carlo 
methods, by altering the starting geometry of the energy minimisation process and by 
comparing the resultant optimised energies and choosing the lowest energy structure. 
Analyse the results. All structures should be analysed in detail and with care 
before drawing any conclusions. In particular bond lengths and angles and close 
contacts were studied to ensure that a chemically reasonable energy minimum had 
been reached. 
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5.5 Reproduction of known structures 
The eleven structures reproduced here were those known at the start of the modelling 
project, including seven database structures ' 2, and four structures determined 
locally ' 3 , described in section 3.6. Table 5.6 lists these structures, including a value 
for the calculated root mean square fit of the modelled structure to the crystal 
structure, and provides a picture of the modelled structure superimposed on the crystal 
structure to give a visual idea of the goodness-of-fit. For the column headed +c, the 
RMS fit calculations 14 only take into account the core atoms - namely the copper 
atoms, all of the non-hydrogen atoms of the alkoxide ligand, the phosphorus and the 
carbon atoms bound directly to the phosphorus. Additionally a RMS fit was 
calculated not including the carbon atoms attached to the phosphorus atoms (see 
column labelled -c). The entries in the column represent the sum of a RMS fitting 
parameter for all the atoms included, and the number of atoms involved. 
Consequently a perfect fit will be represented by a RMS fit value of zero. The 
hydrogen positions were not included because of the low precision of placing of these 
light atoms by X-ray diffraction. The structures listed do not include those structures 
predicted by molecular mechanics calculations (structures 3g-1, 3g-2 and 3c-3). 
These are discussed in sections 5.6 and 5.7. 
Structure RMS fit +c RMS fit -c Structure Superimposition of modelled 





P4" Ff,3 : 
3a216 0 . 933 1 . 001 (:;; :' 
, 
Table 5.6 - Table to show the fit of the modelled structures to the experimental molecule. The figures 
show the modelled structures superimposed on the structures determined by X-ray crystallography, 
represented in orange. Cu is represented in blue, P in purple, 0 in red, C in grey, F in yellow and Cl in 
green. 
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Structure RMS fit +c RMS fit -c Structure Superimposition of modelled 
(No. atoms) (No. atoms)  structure on crystal structure (4-c) 
jj 
-. 
3b-1'7 0.213 0.144 Ph3R 
	ó 
(23) (14) 






0.798 0.498 1 3c-1 (36) (30) - - 
c(cH3 




34421 0746 0607 
Table 5.6 (cont.) - Table to show the fit of the modelled structures to the experimental molecule. The 
figures show the modelled structures superimposed on the structures determined by X-ray 
crystallography, represented in orange. Cu is represented in blue, P in purple. 0 in red, C in grey, F in 
yellow and Cl in green. 
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Structure RMS fit +c RMS fit -c Structure Superimposition of modelled 
















RF' 	' O ' 	'N PPh 3e325 
Table 5.6 (cont.) - Table to show the fit of the modelled structures to the experimental molecule. The 
figures show the modelled structures superimposed on the structures determined by X-ray 
crystallography, represented in orange. Cu is represented in blue. P in purple, 0 in red, C in grey, F in 
yellow and Cl in green. 
From the RMS fitting values it can be seen that some structures are modelled better 
than others. In general, we will regard a RMS fit of 0.25 or less as good, and a fit of 
between 0.25 and 0.5 will be regarded as acceptable. Using the RMS fitting 
parameters with no phosphine carbon atoms, it is observed that four structures have 
good fits, four have acceptable fits and three structures have poor fits. It is no 
coincidence that all the excellent fits involve 4-coordinate species. These species 
have much less variation around the copper(I) geometry than their 3-coordinate 
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counterparts, and do not show the same asymmetry. Thus an excellent set of 
parameters can be devised for the CO atom. By contrast, the degree of asymmetry 
seen around the 3-coordinate copper(I) atoms is difficult to predict with such a small 
statistical set. Consequently the atoms are not as well matched to the expected 
structures. 
The three poorly matched structures are 3a-2, 3c-2 and 3d-1. The difference between 
the modelled and observed 3a-2 structures is caused by the non-bonded interactions 
between electronegative atoms and the copper(I) centres already discussed in section 
3.4. These interactions are not taken into account in the calculation. Additionally, the 
force-field has not been parameterised for catecholates, and because no charges are 
being used on the structures, the interactions between the second alcohol group and 
the other copper(I) centre cannot be fully reproduced. This structure provides an 
example of how a force-field must be validated against a particular system before 
accurate reproduction of structures can be expected. Within the other two poorly 
reproduced structures, conformational twists in parts of the molecule are responsible 
for the difference between the modelled and observed structures. In 3c-2 the structure 
has a slight bend through the 0.. .0 axis, giving the compound a slight butterfly 
shape. This is not reproduced in the molecular mechanics. In 3d-1 the phenolic 
group is not parallel to the Cu202 plane, whereas the modelled structure predicts a 
parallel orientation. 
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5.6 Determining the nuclearity of complexes 
It has already been shown that ligand electronic properties determine the coordination 
numbers of copper atoms in the species under consideration (section 3.8), and it has 
already been observed empirically that only the larger ligands form the mononuclear 
species (section 3.9). This section will attempt to quantify the effect of ligand size on 
the nuclearity of a complex. The size of a ligand, and hence its steric properties, can 
be measured in many ways. Among the best known of these are the cone angles 
developed  by Tolman for phosphines and extended  by others to different molecules. 
Although still useful in many respects, with the present day availability of powerful 
computers and versatile molecular modelling and visualisation software, other ways 
are available for studying the steric effect of a particular ligand. These methods are 
much more appropriate for the purposes of this project, because most of the non-
phosphine ligands are not cone shaped. Within CERIUS2 2 and the Universal Force 
Field', the molecular mechanics and force-field package used throughout this thesis, 
the steric factors are dealt with using a method of calculating the "close-contacts". 
5.6.1 Modelling steric factors within CERIUS2 and the UFF1.02 
Steric bulk of ligands favours mononuclear species rather than dinuclear (Chapter 3). 
Quantification of the plausibility of structures has been achieved by assessing 
interatomic potentials, described by the Lennard-Jones 6-12 potential 
1,26  as shown in 
Chapter 1. 
The curve crosses from representing an attractive to repulsive interaction at 0.891 x 
EvdW. Therefore if an interatomic distance of less than 0.891 x EvdW exists, then the 
model is regarded as unrealistic, and the structure will not form. In the dinuclear 
model of a species the limit of x x EvdW that precludes dinuclear species formation is 
larger than this "bad close-contact" distance of 0.891. Section 5.6.2 discusses the 
limits for this value and shows that by energy minimisation and calculation of close 
contacts it is possible to predict the structure of a complex. 
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5.6.2 Determining the "limiting point" for formation of dinuclear 
species 
The "limiting point" for formation of dinuclear species is the point at which the 
ligands become so sterically constrained that formation of mononuclear species is 
favoured over the dinuclear ones. This point can be deduced from the calculation of 
the close contacts in both the existing dinuclear species, and in the postulated 
dinuclear species containing the components of complexes that crystallise in 
mononuclear form. 
To this end dinuclear models were constructed of all the mononuclear species, and the 
intramolecular close contacts compared for both these energy-minimised models and 
their mononuclear counterparts. The close contacts are all calculated as a multiple of 
the sum of the van der Waals radii of the two atoms involved. The contacts of most 
interest are the inter-group contacts, where a group is defined as a ligand. The 3-
coordinate species and 4-coordinate species are studied separately (Tables 5.8 and 
5.9). The mixed coordination number complexes are included with the 4-coordinate 
species. 
Although a set of crowded ligand groups will inevitably cause closer intra-group 
contacts, the inter-group contacts are more important for establishing the plausibility 
of a structure. This is particularly true for structures containing a large group such as 
triphenyiphosphine, which inherently has some close contacts within the group due to 
the crowded nature of the substituents. The values quoted in Tables 5.7 and 5.8 focus 
entirely on inter-group contacts. 
Structure Shortest 
contact 



















3a-1 0.95 H ... C 0 0 1 6 
3a-2 0.92 H...H 0 0 > 10 > 10 
3c-1 0.99 H ... H 0 0 0 1 
3c-2 0.99 H... H 0 0 0 4 
Table 5.7 - A list of the close contacts between ligated groups m oinuciear moaeis or eacn or me - 
coordinate compounds. Varying ratios of the sum of the van der Waals radii of the two atoms are 
studied. The structures in italics form mononuclear species preferentially and the ordinary typeface 
indicates dinuclear species. 
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The mononuclear species that would be formed by structures 3a-2 and 3b-2 are not 
analogous to the other structures because of the phosphine ligands attached. The 
phosphine donors in each of these structures are provided by a chelating ligand and 
their behaviour is better understood in terms of chelate bite and chain length instead 
of a purely steric influence" 27 . Phosphines of the type in 3a-2 (Ph 2PCH2PPh2) tend to 
bridge between two metals whereas those of type 3b-2 tend to chelate in a cis-
configuration 27 . The structures of the two modelled dinuclear species are shown in 
Figure 5.4. 3a-2 would form an unusual structure, where the phosphine is bridging, 
whereas 3b-2 would form the more usual dinuclear species. 
Figure 5.4 - The modelled dinuclear structures of 3a-2 (left) and 3b-2 (right). The phenoxide ligands 
are shown in green and orange. and all hydrogen atoms have been omitted for clarity. Cu is 
represented in blue. P in purple and C in grey. 
Although the sample sets for both the 3- and 4-coordinate copper(I) species are small, 
both show the trend that very short close contacts in the dinuclear model will favour 
formation of a mononuclear species. The 3-coordinate species need a distance of 
closer that 0.95 x EvdW to form a mononuclear species, whereas the distance is 
smaller for the 4-coordinate species at less than 0.9:1 x 2vdW This allows the final 
step in the prediction of which species will form. Sections 5.7 and 5.8 use specific 
examples to predict and develop this approach, and section 5.9 includes some 
additional predictions, which have not yet been tested empirically. 
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Structure Shortest 
contact 



















3b-1 0.85 C... F 8 > 10 > 10 > 10 
3b-2 0.90 H... C 0 1 4 > 10 
3d-i 0.92 H ... C 0 0 3 > 10 
3d-2 0.93 H... C 0 0 3 > 10 
3e-1 0.92 H ... C 0 0 > 10 > 10 
3e-2 >1.00 - 0 0 0 0 
3e-3 0.92 H ... C 0 0 > 10 > 10 
Table 5.8 - A list of the close contacts between ligated groups in dinuclear models of each of the 4- 
coordinate compounds. Varying ratios of the sum of the van der Waals radii of the two atoms are 
studied. The structures in italics form mononuclear species preferentially and the ordinary type 
indicates dinuclear species. 
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5.7 Prediction of structures using pentafluorophenol 
The first attempt at structure prediction involved the use of 
pentafluorophenol (Figure 5.5), which has28 a pKa of 5.53. 
Using the rules developed in chapter 3, a 4-coordinate species 
is expected. Two structures were predicted and synthesised, 
using trimethyiphosphine and triphenyiphosphine as the 
phosphorus donating ligand. 
F 
Figure 5.5 - The alcohol 
pentafluorophenol. 
5.7.1 Prediction of structure using trimethyiphosphine and 
pentafluorophenol 
Using the force-field parameters and rules developed in sections 5.2, 5.3 and 5.4, two 
models were constructed, one mononuclear and the other dinuclear (Figure 5.6). The 
closest contact in the dinuclear structure is an H... F contact of 0.95 x 2'vdW. This 
suggests that the dinuclear species will preferentially form over the mononuclear 
species. Table 5.9 lists some of the predicted bond parameters for this structure. 
Figure 5.6 - Two models constructed using trimethyiphosphine and pentafluorophenol as the 
phosphorus and oxygen donor ligands, with hydrogen atoms omitted for clarity. The dinuclear 
structure (right) is favoured by the close contacts rule. Cu is represented in blue. P in purple, 0 in red, 
C in grey and F in yellow. Only the predicted structure is labelled. 
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Bond length Value (A) = Bond angle Value (°) 
Cul—011 2.103 - Cul-0I1---0I 130.5 
CuI-021 2.103 - Cul-021--C21 130.5 
Cu2-0I1 2.103 - Cu2-0I1---CII 130.5 
Cu2-021 2.103 - Cu2-021---C21 130.5 
CuI—PI 2.182 - O11—Cul—PI 112.1 
Cul—P2 2.182 - 0I1—Cul—P2 111.8 
Cu2—P3 2,182 - 0I1—Cu2—P3 112.1 
Cu2—P4 2.182 - 011—Cu2—P4 111.8 
01 1-01 1.308 - 021—Cut—Ph 111.8 
021—C21 1.308 - 021—Cul—P2 112.1 








Table 5.9 - Showing some of the bond lengths and angles predicted around the central copper(I) 
atoms. 
The structure of the complex formed from this reaction is very different from the 
predicted one (Figure 5.7). A new structural motif for copper(I) complexes of 
alkoxide and phosphine ligands is seen (Type G), with a trinuclear species being 
formed. In the course of the formation reaction, the central copper atom has been 
oxidised to square planar copper(II), with the other two atoms remaining as 
tetrahedral copper(I) (Chapter 3). 
I Si 
SI 
Figure 5.7 - The structural motif formed using trimethvlphosphine and pentafluorophenol. This new 
structural motif (Type G) with a trtnuclear mixed oxidation state copper centre, has not been seen 
previously for copper structures with alcohols and phosphines. Cu is represented in blue, P in purple. 0 
mred. C in grey and F in yellow. 
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mixed oxidation state motif has been seen for other 
Ph3P' 	
Cu(I)' 
•o 	'PPh3 	bridging ligands, in particular for bridging halogen 
01)_ ~o 	 atoms. It is observed with bridging oxygen atoms 
only once 29, for a structure with malonate (Figure 
Figure 5.8 - Schematic diagram of 
structure of CSD reference code 	5.8). These structures are discussed in Chapter 3. 
PITRUF29 . 
The environment of the copper(I) atoms can still be compared to the predicted 
structure (Table 5.10). The predicted parameters match the experimental ones well, 
which suggests that the force-field is well parameterised for the tetrahedral copper(I) 
atom. In addition, an atom-type was developed for square-planar copper(II) (Table 
5.11) based on this structure and some database work (section 4.7), so structure 3g-I 
could be modelled. A good reproduction of the structure was seen, with a RMS fit of 
0.625 for 35 atoms between the cores of the modelled and crystal structures, 
neglecting the phosphine carbon atoms and phenoxide fluorine atoms (Figure 5.9). 
Bond length Predicted 
Observed - Bond angle 
Predicted Observed 
(A) (A) - ____________ °) (°) 
Cut-Oil 2.103 2.157(8) 
Cul-011- 130.5 124.3(8) 
Cii  
Cul-021 2.103 2.200(7) 
Cu 1-021- 130.5 122.4(8) 
C21  




Cul-P2 2.182 2.208(4) 
Oil-Cut- 111.8 114.5(3) 
P2  
011-01 1.308 1.337(15) 
021-Cu!- 111.8 105.5(3) 
P1  
021-C21 1.308 1.350(14) 
021-Cut- 112.1 113.8(3) 
P2  
mean P-C 1.781 1.78505 ) 
Pi-Cul- 121.1 129.25(15) 
P2  








Table 5.11 - Comparison of the tetrahedral copper(l) environments 01 tile preaictea and oDservea 









Cu4 Cu 4 Square planar 1.20 90 
Table 5.11 - Square planar Cu4 atom-type added to the UF1'1.02 to model type U structures. 
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Angle definition Angle (°) Force constant 
(kJ mo!') 
Cu4 0 _2cu Cu4 100 100 
Cu4 0 _2cu C_X 130 100 
0_2cu Cvi 0_2cu 80 100 
Table 5.12 - Angle restraints added to the UFF 1.02 tor use win square planar (.U4 atom-type. 
P1 
Figure 5.9 - The superimposition of the 
modelled and observed crystal structures 
of 3g-1. The crystal structure is shown 
P I in orange. The colour key is Cu cyan, 0 
red, P purple and C grey. The phosphine 
carbon atoms have been omitted, as have 
the hydrogen and fluorine atoms. 
5.7.2 Prediction of structure using triphenyiphosphine and 
pentafluorophenol 
Assuming that the formation of structure 3g-1 was due to reaction conditions and not 
to an accidental leak of oxygen, the chance arose to attempt a structure prediction of 
this new motif. Using triphenyiphosphine in place of trimethyiphosphine, and using 
the square-planar copper(II) atom-type described in section 5.7.1, a trinuclear 
structure was predicted (Figure 5.10). 
Figure 5.10 - The predicted trinuclear structure of 3g-2. Cu is blue, is purple, F is yellow, 0 is red 
and C is grey. The hydrogen atoms are omitted for clarity. 
-123- 
Chapter 5 - Modelling and prediction of new alkoxv- and arvlo copper(i) phosphine complexes 
The molecule from the crystal structure 
observed experimentally is very similar, but 
in fact the two structures have a very high 
RMS fit of 4.34 for 35 atoms. This is because 
although one half of the structure is very well 
matched to the crystal structure, the wrong 
conformer has been predicted. The crystal 
Figure 5.11 - The superimposition of the 	structure shows that each Cu202 unit has the 
crystal structure (shown in orange) and two phenoxide groups on opposite sides of 
the modelled structure. The colour 
scheme is as in Figure 5.10 	the molecule, whereas the model has them on 
the same side, based on the structure observed for 3g-1. A comparison of the 
predicted and observed bond lengths and angles shows that a reasonable force field 
has been parameterised (Table 5.13). A minimisation of the crystal structure gives a 
value of 0.281 for the RMS fit of 67 atoms (Figure 5.11). 
Bond length 
Predicted Observed I Bond angle Predicted Observed (A) (A) (°) (°) 
Cul- 011 2.150 2.235(4) 
Cul-011- 131.0 126.6(3) 
Cli  
Cul-021 2.138 2.111(4) 
Cul-02 1- 125.2 117.4(3) 
C21  
Cu2-011 1.920 1.931(3) 
Cu2-01 1- 132.1 127.0(3) 
Cl'  
Cu2-021 1.915 1.917(3) 
Cu2-02 1- 123.5 129.4(3) 
C21  
Cul-PI 2.264 2.2703(15) 
Oil -Cul- 119.2 119.48(10) 
P1 
Cul-P2 2.277 2.2714(14) 
Oil -Cul- 118.2 114.08(10) 
P2 
011-Cu 1.316 1.332(6) 
021 -Cul- 111.8 111.22(10) 
P1 
021-C21 1.312 1.325(6) 
021 -Cul- 110.2 115.76(10) 
P2 
mean P-C 1.806(6) 1,826(14) 
PI- 
P2 
Cul- 114.4 117.40(6) 
011-Cul- 76.2 69.91(12) 
021  
011-Cu2- 87.2 80.72(14) 
021  
Cul-011- 96.4 102.05(14) 
Cu2  
Cu 1-021- 97.0 107.18(15) 
Cu2  
Table 5.13 - Comparison of the tetrahedral copper(1) environments ot the preaictei ana oDservea 
crystal structure motifs. 
-124- 
Chapter 5 .%fodelling and prediction of new alkorv- and arvloxvcopperll) phosphine complexes 
5.8 Prediction of structures using benzhydrol 
The pKa of benzhydrol (Ph 2CHOH) was calculated 3" as being 13.52 ± 0.2, suggesting 
that the structure will be 3-coordinate based on the empirical rules described in 
Chapter 3. Five possible configurations were predicted if the compound were 
dinuclear, with only one if it were mononuclear. Table 5.14 gives an overview of the 
possible structures. 
Isomer Structure Energy kcal Closest Type No of 
MOO contact of contacts < 


















%%, CU—PFh3 162.8 097 H ... C 0 
S... - 
H—C 
H-anti-parallel F413P—Cu ' 	Cu-3 1639 0.96 H ... C 0 
LH 
OW 
Monomer ciu - - - - 
F 3P 	PFi3 
Table 5.14 - iflese compounas are namea wan rererence to me position 01 mc nyurugell aLOLUS un ui 
a-carbon atom of the alkoxide. as the compounds can be uniquely specified with this. The energy of 
the monomer is not given, as it is not comparable with those of the diiners. 
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Using the rule of thumb developed in this chapter and chapter 3 the dinuclear species 
would be formed preferentially as the close-contact rule is satisfied by four out of five 
conformers. The problem is to determine which would be the observed dinuclear 
species. If the energies produced after minimisation of each structure are compared, 
then the H-syn-perpendicular conformer is predicted. However, molecular mechanics 
can be unreliable at determining the lowest energy conformer of a set if they are all 
very close in energy. If the furthest close-contact measurements are compared the H-
anti-perpendicular structure is predicted. However, the structure actually observed 
was the H-anti-parallel structure as shown in Figure 5.12. 
Figure 5.12 - Showing the H-anti-parallel structure adopted in crystal structure 6c-3. 
The modelled H-anti-parallel structure was a reasonable match for the true crystal 
structure, with a RMS fit of 0.453 for 38 atoms with the phosphine Cl carbons 
included, or 0.459 for 32 atoms without them. 
The conclusion that can be drawn from this is that it is difficult to use molecular 
mechanics to choose the conformer that will be observed. Many factors will influence 
the crystal growth, not least crystal packing energies. The method described works 
well for predicting the structure type, but with a large phosphine group then other 
non-modelled factors can come into play. The best approach is to construct models of 
all possible conformers and predict only that one of these conformers will form. 
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5.9 Further work on predicting molecular structures 
Five more complexes have had their structures predicted but not determined 
experimentally. 
5.9.1 Complexes 	derived 	from 	2,5-di-t-butylphenol 	and 
triphenyiphosphine 
With a reported 28 pKa of 11.70, 2,5-di-l-butylphenol 
(Figure 5.13) will form a 3-coordinate species, either 	 I 
dinuclear mononuclear. The two models constructed are of 	 OH 
types A and C (Figure 5.14). The dinuclear type C 	Figure 5.13 -The structure 
complex species has 6 inter-group close contacts of less 	
of 2.5-di-t-butslphenol.
- 
than 0.95 x EvdW, the shortest being 0.91 x ZvdW. The predicted structure is the 
mononuclear species, type A. Table 5.15 lists some of the predicted bond lengths and 
angles for the structure. 
Figure 5.14— me two mcxieis constructea to preaict me structure w z.J -w-i-outyipiieiiuxycuppwti) 
triphenylphosphinc. The mononuclear species will form preferentially. In the models 2.5-di-t- 
butvlphenoxy ligands are shown in orange. Other atoms are represented as follows; Cu is blue; 0 is 
red; P is purple; C is grey; H is beige. Only the predicted structure is labelled. 
Bond length Value (A) Bond angle Value (°) 
Cul—011 1.944 - cul-011-01 137.0 
Cul—PI 2.263 - 011—Cul—PI 115.1 
Cul—P2 2.293 - 011—Cul—P2 121.1 
011-01 1.303 - P1—Cu—P2 123.8 
mean P—C 1.801  
Table 5.15- Some predicted bond lengths and angles tor tue t N pc A structure oi 
butylphenoxycopper(1) triphenylphosphine. 
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5.9.2 Complexes 	derived 	from 	2-phenyiphenol 	and 
triphenyiphosphine 
2-Phenyiphenol (Figure 5.15) has a reported 3 ' pKa of 9.92, 
and is a very sterically constrained phenoxide ligand. The 
pK of the parent alcohol indicates a 4-coordinate copper OH 
complex. By constructing models of type B and E, the 
Figure 5.15 - The structure 
of 2-phenviphenol. 
structures seen in Figure 5.16 are predicted. The dinuclear 
species has 9 inter-group close contacts of less than 0.91 x EvdW, the shortest being 
0.88 x 2'vdW. Both compounds have some short intra-group close contacts, 
suggesting that both structures are very sterically constrained. The predicted structure 
is the type B mononuclear species. Table 5.16 lists some of the predicted bond 







Fiimre 5.16 - The two models constructed to predict the structure of 2-phenylphenoxycopper(I) 
- tnphenylphosphine. The mononuclear species will form preferentially. In the models 2- 
phenylphenoxy ligands are shown in orange. Other atoms are represented as follows: Cu is blue: 0 is 
red: P is purple; C is grey; H is beige. Only the predicted structure is labelled. 
Bond length Value (A) Bond angle Value (°) 
Cul-011 2.110 - Cul—011—CIl 134.9 
Cul—Pi 2.377 - 011—Cul—PI 105.8 
CuI—P2 2.381 011—CuI—P2 99.3 
Cul—P3 2.392 - 011—CuI—P3 110.2 
011—cli 1.298 - mean P1—Cu—P2 113.4 
mean P—C 1.803 
Table 5.16 - some preaicteu oona Lengl.ns anu angles ior Um iyp D suui.LuIc U14-  
phenylphenoxycopper(I) triphenylphosphine. 
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5.9.3 Complexes derived from t-butanol and trimethyiphosphine 
With a reported28 pKa of 19. 1, 1-butanol (Figure 5.17) will form a 
3-coordinate species, either dinuclear or mononuclear. The two 
models constructed are of types A and C (Figure 5.18). Only one H 
Figure 5.17 - 
dinuclear conformer is observed. The dinuclear type C complex The structure of 
species has a shortest close contact of greater than 1.00 x 2vdW. 	
tbutaflot. 
The predicted structure is the dinuclear type C structure. Table 5.17 lists some of the 
predicted bond lengths and angles for the structure. 
UUllcULv1p1LupLUuc. Inc uuiicacai 	 VV ILA IUIHI pIcIcIcIlLIwiJ. I IL (1UJLLI3 aL'.. 
follows; Cu is blue; 0 is red. P is purple; C is grey; H is beige. Only the predicted structure is labelled. 
Bond length Value (A) = Bond angle Value (°) 
Cul-011 1.921 - Cut-011--Cu 127.6 
CuI-021 2.046 - Cul-021--C21 132.0 
Cu2-011 2.046 - Cu2-011---C11 132.0 
Cu2-021 1.921 - Cu2-021—C21 127.6 
Cul—PI 2.116 - O11—Cul—P1 147.1 
Cu2—P2 2.116 011—Cu2—P2 133.5 
011-0 1.388 021—Cul—PI 133.5 
021—C21 1.388 - 021—Cu2--P2 147.1 




Table 5.17 - Some predicted bond lengths and angles tor the Type C structure 01 1-butoxycopper(1) 
trimethyiphosphine. 
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5.9.4 Complexes 	derived 	from 	3,5-dimethyiphenol 	and 
triphenyiphosphine 
3,5-Dimethyiphenol (Figure 5.19) has a reported 32  pKa of 10. 19, 	I 
so will form either a mixed-coordinate dinuclear species, or a 4- 
coordinate mononuclear one. The two models constructed are 	 H 
Figure 5.19–The 
of types B and D (Figure 5.20). Only one dinuclear conformer 	structureof35. 
was observed. The shortest inter-group close contact in the type 	
dimethyiphenol. 
 
D species is greater than 1.00 x EvdW The predicted structure is the dinuclear type D 
structure. Table 5.18 lists some of the predicted bond lengths and angles for the 
structure. 
'1. 	7 
Oil 	I2 \ 
('UI  02 	 P3 
Figure 5.20– The two models constructed to predict the structure of 3,5-dimethylphenoxycopper(I) 
triphenyiphosphine. The dinuclear species will form preferentially. In the models the 3,- 
dimethyiphenoxy ligands are shown in orange. Other atoms are represented as follows; Cu is blue; 0 is 
red; P is purple; C is grey; H is beige. Only the predicted structure is labelled. 
Bond length Value (A) Bond angle Value (°) 
Cul-011 1.924 - Cul-011-01 126.7 
Cul-021 2.044 - Cul-021—C21 130.4 
Cu2-011 2.103 - Cu2-011-01 130.9 
Cu2-021 2.099 - Cu2-021—C21 129.7 
Cul—PI 2.131 - 011—Cut—Pt 145.4 
Cu2—P2 2.221 - 011—Cu2—P2 112.2 
Cu2—P3 2.226 - 01l—Cu2—P3 111.1 
OIl—Cl! 1.301 - 021—Cut—Pt 132.5 
021C21 1.306 - 021—Cu2—P2 115.2 






Table 5.1t - Somc predicted bond Icngms and angies tor me iype u structure oi i,'- 
dimethylphenoxycopper(1) triphenyiphosphine. 
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5.9.5 Complexes 	derived 	from 	4-fluorophenol 	and 
triphenyiphosphine 	 F 
4-Fluorophenol (Figure 5.21) has a reported 28 pKa of 9.91, 	 I 
so will form a 4-coordinate species, either dinuclear or 
mononuclear. The two models constructed are of types B 	 OH 
Figure 5.21 -The structure 
and E (Figure 5.22). Only one dinuclear conformer is 	of 4-fluorophenol. 
observed. The shortest inter-group close contact in the type E complex is greater than 
1.00 x EvdWi The dinuclear type E structure is predicted. Table 5.19 lists some of 
the predicted bond lengths and angles for the structure. 
/ 
- 	 (11 




Figure 5.22 - The two models constructed to predict the structure of 4-fluorophenoxycopper(I) 
trirnethyiphosphine. The dinuclear species will form preferentially. In the models the atoms are 
represented as follows; Cu is blue; 0 is red; P is purple; C is grey. H is beige; F is yellow. Only the 
predicted structure is labelled. 
Bond length Value (A) Bond angle Value (°) 
Cul-011 2.096 - Cul—011—Cil 130.5 
Cul-021 2.098 - Cul-021—C21 129.7 
Cu2-011 2.098 - Cu2-011---C11 129.7 
Cu2-021 2.096 - Cu2-021—C21 130.5 
Cul—PI 2.172 - 011—Cul—P1 112.9 
Cul—P2 2.172 - 011—CuI—P2 113.4 
Cu2—P3 2.172 - 011—Cu2—P3 112.1 
Cu2—P4 2.172 - 011—Cu2—P4 111.7 
011-0 1.300 - 021—Cul—Pi 112.1 
021—C21 1.300 - 021—CuI—P2 111.7 








Table 5.19 Some predicted bond lengths and angles for tue type t structure oi 4- 
fluorophenoxycopper(1) trimethylphosphine. 
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5.10 Conclusions 
The structure determinations, structural analyses and modelling described in Chapters 
3, 4 and 5 have improved our understanding of how the structures adopted by the 
copper(I) complexes which are being considered as "liquid metals" for ink-jet printing 
of copper circuitry depend on the component ligands. 
pKa of the alkoxide ligand. If the pKa is less than 10 a 4-coordinate mononuclear or 
dinuclear species will be formed, whereas if the pK a is greater than 10.5 a 3-
coordinate mononuclear or dinuclear species will be formed. If the pK 8 is between 
these two values, the complex will form either a mixed-coordinate dinuclear species 
or a 4-coordinate mononuclear species. 
Ligand bulk and associated ligand-ligand closest contacts. If the closest contacts 
in a modelled dinuclear species are larger than 0.95 x EvdW for 3-coordinate 
complexes, or larger than 0.91 x EvdW for 4-coordinate or mixed coordination species 
then the dinuclear species will be formed. Otherwise the mononuclear species will be 
preferred. 
Reliable rules of thumb to predict the structural types result from combining these 

















Type OP2 structures 
(mononuclear) 
Type OP3 structures 
(mononuclear) 
o Type 02P structures 
(dinuclear) 
• Type 1/2(04p3)  structures 
(dinuclear) 
• Type 02P2 structures 
(dinuclear) 
0.8 	0.85 	0.9 	0.95 	1 	1,05 
Closest contact (x sum of vdW radius) 
Figure 5.23 - Plotting a graph of pK against the closest contact gives a 
table with five clear regions, divided according to structural motif. 
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plotted against the closest contact, the five structural types associated with this class 
of complexes are found in the zones marked on the plot in Figure 5.23. 
As a result of these studies the structural types can be predicted with some confidence. 
It was intended at the outset of the "liquid metals" project to use this information to 
guide the design of copper precursors with the appropriate thermal stability to be used 
in deposition of copper metal by a redox related decomposition reaction. In practice, 
the "mismatch" of the hard alkoxide donor for the soft copper(1) cation is 
compensated by the phosphine ligands and the variation of structural motifs which are 
available to the components means that the unfortunately, this class of copper(I) 
complexes proves to be associated with high thermal stability. This stability is 
unsurprising in light of this structural investigation. However, the structural study has 
permitted a rationalisation of this problem, and can therefore be considered a success. 
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6.1 Introduction 
Hydrometallurgical extraction from oxidic ores is a well-established industrial process 
used world wide to generate pure metal from a variety of metal oxidic and transition 









H2SO4 	 2LH 	 H3SO4 
CuO + H2SO4 	 CuSO4 + H20 	Leach 
CuSO4 + 2tfl . 	 CuL2 + 1-12SO4 Extract 
+ 1-IS04 	 CuSO4 + 2LH 	 Strip 
CuSO4 + H20 Cu + 	+ H2SO4 	Electrowin 
CuO 	 Cu + 	 overall 
Figure 6.1 - Flowsheet for the heap leach/solvent extraclion/electrowimung of copper from oxidic 
copper ores. 
After acidic leaching of the copper from the oxide ore, the metal is extracted into 
organic phase by a ligand designed to selectively bind the metal of interest, such as 
Avecia and Cognis' phenolic oximes 2 . The organic phase favoured by the mining 
industry is kerosene as it is simple, cheap and safe to work with. The metal is then 
acid-stripped back into an aqueous phase before being recovered by electrolysis 
("electrowinning") to give pure metal. The central extraction/stripping stages, which 
follow a simple pH swing mechanism (Equation 6. 1), contribute to both the 
"separation" and "concentration" unit operations of the process. Overall, the 
materials balance for this process is excellent (Figure 6.1) from both an environmental 
and a cost-effectiveness point of view, making it extremely attractive for industry. 
nLH + M 	 - 	- 	 + nH 	 Equation 6.1 
Acidic leaching and stripping, and other traditional ion-exchange agents used in 
solvent extraction processes to separate metal ions and recover metals from aqueous 
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solution are generally well-suited for use in circuits for processing oxidic and related 
ores of transition metals. However, they cannot provide good material balances for 
the hydrometallurgical treatment of sulfidic ores, or for the recovery of metals from 
effluent sources such as acid mine drainage streams (Figure 6.2). Pressure or 
bacterial leaching of metal sulfides does not consume acid. Consequently, if the 
conventional types of acidic reagents are used in the extraction process, sulfuric acid 
will build up at the front end of the circuit, requiring neutralisation which would 
generate a salt waste which will need to be removed to allow recycling of the 
leachate. This problem could be overcome by using reagents which would transport 
the desired metal as its sulfate salt across a leach / solvent extraction I electrowin 
circuit as in Figure 6.2. Neutralisation of acid is then only required to control the pH 








MS + 202 
	 MSO4 	 Leach 
MSO4 +L MLS04 Extract 
MLSO4 	 - 	MS04 +L 	 Strip 
MS04  + 1120 
	
M + '402  + H2SO4 	Electrowin 
MS 1- 1120 ± 1½02 	 M ±H2304 	 Overall 
Figure 6.2 - Schematic showing extraction and stripping of entire metal salt. 
This circuit requires efficient transport of the metal salt from the leach solution 
through to the stripping process. The properties of the extracting ligand (represented 
by L in Figure 6.2) required to perform this transport are represented schematically in 
Figure 6:3. Of particular interest is the ammonia stripping of the metal ion developed 
by Miller3 to give the metal sulfate salt. The ligand - sulfate complex is then 
ammonia stripped to give ammonium sulfate, which can also be sold commercially. 
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H 
1 + 
>+MS04 	M2+ 	 S02 
H 
+2NH3 - (NH4)2S0'\ 	H 	 + 	 - MSO4 
H 	 H 
Figure 6.3 - Schematic showing an ideal metal-salt transport ligand. 
6.1.1 Use of amine-functionalised salen as a solvent extractant. 
White and Tasker4  first suggested using synthetically accessible difunctionalised 
salicyl-Schiff base ligands for transporting metal salts. The prototype investigated' by 
the Edinburgh group is shown in Figure R 
6.4. The Schiff base nitrogen atoms and 
salicyl oxygen atoms would form a 
dianionic donor set for ions such as Cu 2 
or Ni2 , which favour square planar co-






Figure 6.4 - The prototype ligand4 suggested 
as a possible "metal-salt' extractant. 
ligand, bringing the protonated pendant amino groups into a suitable conformation to 
encapsulate a dianion such as sulfate (Figure 6.5). The bridging R-group can be 
altered to suit the desired metal cation and R' can be altered to control solubility. In 
the prototype tertiary butyl or nonyl groups were used to obtain crystalline products or 
solubility in non-polar organic solvents (such as kerosene) to enable solvent 








R' 	 ,-N-H 
0 
Figure 6.5 - The proposed mode of action of the "metal-salt" extractant molecules. 
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6.2 Structural studies to support extractant development 
X-ray structure determination and molecular modelling has formed an integral part of 
the programme to develop practical systems for metal recovery via transport of metal 
salts. An outline of several types of study which have been undertaken is given 
below. These are outlined more fully in sections 6.4 to 6.8 and in Chapters 7 and 8. 
6.2.1 Characterisation of complexes and confirmation of anion 
binding 
X-ray structure determinations have been undertaken to establish the binding of metal 
cations and attendant anions. These lend support to the mode-of-action proposed in 
Figure 6.5. In an industrial process the extractant would be dissolved in a 
hydrocarbon for which multi-branched nonyl R' groups would aid solubilisation. If 
sulfate is to be transported by the ligand then it is appropriate that transport would 
involve the minimum contact between the polar dianion and the non-polar organic 
phase, supporting the idea of anion encapsulation. The crystal structure of the NiSO 4 
complex of the prototype salen ligand (Figure 6.4) with morpholine pendant arms is 
shown in Figure 6.6. This solid state structure supports the mode-of-action proposed 
(Figure 6.5) for extraction into an organic solvent. 
I 
Figure 6.6 - The crystal structure (6c-3) with NiSO 4 bound by the prototype extractant ligand. A 
comprehensive list of structures of free ligands, metal-only and metal-salt complexes is provided in 
section 6.3.1. 
This prototype salen ligand with an ethane bridge between the imine nitrogen atoms 
was shown to extract copper sulfate from aqueous to organic media very successfully. 
Unfortunately the copper(II) ion is bound so strongly to the ligand that it has proved 
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impossible to strip the metal back into an aqueous phase without destroying the 
ligand. White and Miller "detuned" the binding site for copper by changing the 
bridging R group, forcing the donor set to be less planar 4 . It was believed that this 
would reduce the binding constant, making copper recovery easier. This structure 
modification was achieved in the NiSO4 complex of the 2,2'-biphenyl bridged ligand 
which is shown in Figure 6.7. The N2022 donor set is non-planar and is folded 
around one of the N2—Ni--01 lines to generate a cis-octahedral sulfate complex. 
This is the only structure seen locally so far where the dianion actually gets involved 
in metal complexation (Figure 6.7), although it is believed that this might occur for 
some complexes in solution. A dynamic equilibrium may be involved as the sulfate 
moves between a metal-bound form and the encapsulated form. This is based on the 
observed broadening of NMIR spectra peaks 6 . When nickel(II) is complexed in a 
purely square-planar mode it is diamagnetic, but is paramagnetic when octahedral. 
Even a small amount of octahedral nickel(II) present in the solution will show up as 
peak broadening in the NMR spectra, and this is what is observed. 
Figure 6.7 - Structure 6d-1. showing the unusual mode of sulfate 
binding to the octahedral Ni cation. 
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A potential solution to both these problems is to 
develop ligands to extract nickel(II) in its 
octahedral (high-spin) state. Figure 6.8 shows the 
approach adopted by Miller and Smith  based on 
introducing extra donor atoms into the N ... N 
bridge. Ether and thioether groups were originally 
considered because they remain charge neutral 
when coordinated and because of the ease of 
synthesis of the ligands. Figure 6.8 also shows 
schematically how the ligand appears able to 
easily envelop the anion, as seen in previous 
structures. However, more conformations are 
available to be formed than in the square planar 
case and simple molecular mechanics calculations can be employed to study the 
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6.2.2 Development of octahed rally coordinating ligands for nickel(H) 
Despite the ease with which the prototype ligands form complexes with nickel(fl) 
salts, they make very poor nickel extractants for two reasons. Firstly, the kinetics of 
square planar (low-spin) nickel(II) are very slow, meaning that the ligand and metal 
ion need to be in contact for a long time before loading or stripping can occur, which 
is not a realistic state in the industrial process. Secondly, the efficiency of extraction 
is low7 meaning that high loadings can only be achieved from very concentrated metal 
solutions. Ligands of this type could not be used in an efficient recovery process 
because the unit operation of "concentration" could not be achieved across the 
flowsheet in Figure 6.2. 
Assuming that all six donor atoms 
coordinate the metal and that all 
donors sequential in the ligand 
must be cis to each other in the 
complex means that four 
conformers are possible as shown 
R 
HO 	 r 0 
W— 	 N N 4-___ N 
0 
1-11 	 OH 
Figure 6.9 - Possible octahedrally coordinating ligands, 
having two ortho-phenylene links (R = —o-C 6H4—X- 
CH4—X--o-C,H4---) or all ethane links (R = —C 2H4- 
X—C2H4—X—C2H—), where X = S or 0. 
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schematically in Figure 6.10. 	Molecular mechanics calculations, using the 
customised version of the Universal Force Field 9 described later in Chapter 8, enable 
the favoured conformations to be predicted for the initial four target ligands. These 
ligands are the ether and thioether analogues of the two compounds shown in Figure 
6.9, giving both aromatic and aliphatic linkers between the sulfur and nitrogen donor 






1!  /1 
D 
1T 
Figure 6.10 - The four possible conformers that the ligand can adopt. The S... S vector is shown in the 
same place in orange in each of the four diagrams. 
Conformer A Conformer B Conformer C Conformer D 
R–o-C6H4, 19.1 46.7 148.9 66.4 
X=S  
R=C2 H4 , 17.5 47.5 98.6 49.7 
X=S  
R = o-C6H4, -23.6 29.9 23.3 21.4 x=o  
R=C2H4, -14.5 21.7 24.8 7.9 x=o  
Table 6.1 - A comparison of the relative energies of the tour possible contormers br eacn 01 tue initial 
four target ligands. The energies are calculated by molecular mechanics and are valid for comparison 
across each row as they all contain the same number and type of bonds. The notation o-C61 ­14 is 
shorthand for —0-C6FL4—X—C2H4—X—o-C6H4— and C 21­14  signifies the —C 2H4—X--C2H4- 
X—C2H4— linking group. All energies are calculated in kcallmol. 
Crystal structure determinations of four metal complexed compounds (section 6.3) all 
show the "conformer A" arrangement as predicted (Figure 6.11). Molecular 
mechanics also suggests that the hydrogen-bond donors on the ligand can get close 
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enough to form a bis-piperazinium binding site for the sulfate, but this is not reflected 
in one of the crystal structures. The reasons for this are discussed later in this chapter. 
rr't. 
Figure 6.11 - Molecule from crystal structure 6e-1 (section 6.6). showing the predicted "conformer A" 
arrangement. Ni is shown in green, S in yellow. N in blue. 0 in red and C in grey, with the exception 
of those carbon atoms belonging to a chelate ring, which are shown in black. All hydrogen atoms are 
omitted for clarity. 
6.2.3 Development of an improved sulfate binding cavity 
In this area of endeavour as well as "encapsulating" the anion it is also important to 
optimise the ligand to sulfate binding. Although several crystal structures showed the 
anion encapsulated by the ligand, it is not direct evidence that this is also the solution 
structure. Evidently a crystal structure is a low energy form, but it is not necessarily 
the lowest energy form of a molecule within the specific environment of a solvent. It 
is not unreasonable to suggest that a similar structure to that seen in the crystal will be 
adopted for the molecule as a whole in the desired solvent (kerosene). In this 
structure the highly charged sulfate is as far as possible removed from the non-polar 
solvent molecules, as seen in the space-filling representation in Figure 6.12. It is also 
evident that a significant part of the sulfate is still exposed to the outer layers, possibly 
affecting the sulfate-extracting properties of the ligand. It is proposed to use this 
study to improve the design of the cavity for both square-planar and octahedral 
complexes by designing a covering group for the ligand to "hide" this region of the 
anion. Molecular mechanics is the ideal method for performing this work having 
advantages of speed over both experimental synthesis and more powerful "ab in/ti" 
type calculations. It is quicker than trying to study this experimentally, due to the 
time taken to synthesise enough compounds to build a reasonable series, and much 
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faster (though less accurate) than performing a higher level calculation, although a 
well parameterised system will yield equally useful results. 
Figure 6.12 - Space filling model of the prototype structure (6c-3), showing the exposed sulfate 
dianion sitting between the pendant arms. 
6.2.4 Development of ligands with higher charges on the ditopic 
binding sites 
All the structural types so far discussed have been designed to form charge neutral 
complexes with a M2*  cation i.e. the ligand only contains two salicylaldimine groups. 
Ligands which do not form charge neutral species (i.e. those containing three 
salicylaldimine groups) have also been synthesised at Edinburgh, and these ligands 
have been shown successfully to act as extractants for nickel(11) sulfate. The reasons 
for this are not discussed here and molecular mechanics calculations have not been 
performed on these systems. However, crystal structures of these complexes are 
included (where they have been determined) to help parameterise the force-field. 
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6.3 Experimental details 
6.3.1 Atom labelling 
Any metal atom is numbered 1. All structures take the starting point for the 
numbering scheme as the phenol or coordinated phenolate oxygen atom. This is 
labelled 01, the attached carbon atom C  and the associated ring C2 to C6, with C6 
bearing the pendant amine. Any branch from this ring is assigned first the same 
number as the point-of-attachment carbon atom followed by a number increasing 
sequentially. In the case of the 2-chain, which forms the bridge between the two 
halves of the ligand, any donor atoms (e.g. nitrogen atoms or sulfur atoms that would 
coordinate in a metal complex) are simply numbered 2. As there is more than one 
salicylaldimine arm in all of the ligands, a letter is added to the end of each atom 
name to show to which the atom belongs. An example of the numbering scheme is 
shown in Figure 6.13. 
('22A 
- 	 - C2IA N 2N—\ C3A 
C2y,— 	
C42A 
OH HO -' 
)IB 
62AN 	C67A 
('63A 	 C66A 
C64A 0 
065A 
Figure 6.13 - The numbering scheme adopted for this series of bis- and tris-salicylaldimine ligands. 
Only one of the salicylaldimine arms (A) is numbered. Atoms in the other (B) arm are assigned labels 
with last letter "B" e.g. 01B is equivalent to 01A. 
A major advantage of this numbering scheme is that the atoms of particular interest, 
e.g. the metal donors 01 and N2 and the pendant secondary amine atom N62, are 
numbered similarly in all structures. 
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6.3.2 Crystallography: Methods 
A list of all structures determined as part of the development of systems to transport 
metal salts is provided in Table 6.2. Crystals of compounds 6a-1, 6c-1, 6c-3, and 6c-5 
were supplied by Norman Laing and David White, those for 6a-2, 6a-3, 6b-1, 6c-2, 
6c-4, 6c-6 to 6c-10, 6d-1 and 6f-1 by Hamish Miller, and those for 6e-1 to 6e-4 by 
Kate Smith. Most of the crystal data are included in Table 6.3. Any unusual solution 
and refinement features are included in Table 6.2, with any standard methods 
described here. 
The data obtained with the Bruker SMART APEX CCD and the StOe Stadi-4 four-
circle diffractometers were collected in the Dept. of Chemistry, University of 
Edinburgh, using graphite monochromated sealed tube X-ray radiation. The Nonius 
Kappa CCD diffractometer data were collected courtesy of the EPSRC service facility 
at the University of Southampton and used graphite monochromated rotating anode 
X-ray radiation. Absorption corrections were either applied using the method of 
Blessing' ° with the programs SORTAV' ° or SADABS" or by applying a semi-
empirical method based on the measurement of azimuthal or 4p-scans 12 . 
All structures were solved using either direct methods with programs SHELXS' 3 or 
S1R92 14 within the WINGX' 5 suite, or using the heavy atom method with SHELXS' 3 
or DIRDIF' 6 . All structures were refined against F 2 using the program SHELXTL' 3 
and the results of the refinement are included in the Tables. The Flack parameter 17 
was calculated for all chiral and non-centrosymmetric space groups using SHELXTL, 
and the extinction parameter was also dealt with within the same program. All 
hydrogen atom positions were calculated and refined as riding and rotating groups, 
with the exception of H62X atoms (where X stands for any letter), which were placed 
on the difference map and freely refined whenever the data permitted. All non-
hydrogen atoms were refined anisotropically. Any departure from these procedures or 
from routine refinement is noted in Table 6.2. 
All structures were solved and refined by the author except for those marked with I or 
, which were solved and refined by Dr. R. A. Coxall and Dr. S. Parsons respectively. 
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6a_2* Both 	t-butyl 	groups 	were 	rotationally 





335 Electrons/cell were modelled as diffuse 
hexane solvent, giving an occupancy of 0.42 





der Sluis and 	Spek' 8 and the program 
PLATON 19 . An occupancy of 0.5 was used 
for all calculations. 
6a-3 Although C42A, C43A and C44A for one t- 
butyl 	group 	show 	diffuse 	anisotropic 
displacement 	parameters 	it 	was 	not 
OH Ho'i_f- considered necessary to 	refine 	them 	as 
disordered entities. 
<I) (I)  
6b-1 The 	space group was tested using the 
symmetry 	search 	programs 20 	within 
PLATON19 , but although the majority of the 
OH 
atoms match the symmetry of P211c, one of 
the arms is significantly different. 	The 
C-N N 
ci'> 
structure does not solve or refine well in this 
0 higher symmetry space group, but does 
refine in Pc. 	R t is zero as no equivalents 
were collected. 
Table 6.2 - X-ray structure determinations of ditopic ligands and metal complexes showing the 
compounds involved and any special features associated with their structure solution and refinement 
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Ligand or complex Notes on solution and refinement 
6c_1* 	
__ 
One t-butyl group (C41B to C44B) was 
_NN..N70+ 
/ 	a" "o 
rotationally disordered over two positions in 
a 50:50 ratio. 	All the partially occupied 
atoms were refined isotropically, and all 
other atoms are refined anisotropically. 
6c_2t Azimuthal measurements were made, but 
\ / 	- 
were 	very 	flat 	and 	a 	correction 	for 
absorption is not applied. 
0 C) 




\ /  
methanol solvent, giving an occupancy of 
3.75 per asymmetric unit, using the method 
of van der Sluis and Spek' 8 and the program 
Q 	H-7J--\ PLATON19 . An occupancy of 3.75 was used 
'o—' 	oo 	—o for all calculations. 
6c-4 The sulfate is disordered over 2 sites and 
was modelled with a 75:25 ratio. The higher 
—N'\ 	-N— 
70+ / 
0 "o  
- occupancy site was refined anisotropically, 
and the lower isotropically. 	Two solvent 
molecules of ethanol and half a solvent 
water molecule per asymmetric unit were 
o°c( 'o 	
0 modelled as disordered over two sites and 
refined isotropically. 	The hydrogen atoms 
bound to the ethanol and water oxygen 
atoms have not been found or included in 
calculated 	sites. 	Distance restraints 	were 
used on the ethanol bond distances (1.53 A 
and 1.43 A respectively). 
Table 6.2 (cont.) - X-ray structure determinations of ditopic ligands and metal complexes, showing the 
compounds involved and any special features associated with their structure solution and refinement 
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Ligand or complex Notes on solution and refinement 
6c-5 One 1-butyl group (atoms C41A to C44A) 
1 =N 	/N\ 
- 	 /Ni\ 
/ \ ° 
was 	rotationally 	disordered 	over 	two 




0N 	H - 	 N .H 
10 
azimuthal measurements for absorption were 
0KJi) made, they were seen to be very flat and a 
correction for absorption was not applied. 
6c_6* 224 Electrons/cell were modelled as diffuse 




\ / ° 	° 	- 
occupancy of 2.67 per asymmetric uni,t 
using the method of van der Sluis and 
Spek' 8 and the program PLATON' 9 	An 
H-J---\> 
(H 
	11 occupancy 	of 	2.5 	was 	used 	for 	all 
calculations. 
6c-7 One 	t-butyl 	group (C41B to 	C4413) 	is 
N 	N rotationally disordered over two positions in 
a 39:61 ratio. 	One pendant amine group 
- _NN,..N_ 
/ 	0" "0 
(C61B to C67BA) is also disordered over 
two positions in a 23:77 ratio. 	One acetate 
0 to group (CID to C213 and H62B) is refined 
— k H—j KIH 
, 
with half occupancy. 	112 Electrons/cell 
were modelled as diffuse ethanol solvent, 
giving an occupancy of 2 per asymmetric 
unit, using the method of van der Sluis and 
Spek' 8 and the program PLATON' 9. An 
occupancy of 1 was used for all calculations. 
6c-8 One t-butyl group (C41B to 	C44B) is 
rotationally disordered over two positions in 
1=N 	N_ 
a 54:46 ratio. 
o 	
PH 
~ 	0 0 
Table 6.2 (cont.) - X-ray structure determinations of ditopic ligands and metal complexes, showing the 
compounds involved and any special features associated with their structure solution and refinement 
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Ligand or complex Notes on solution and refinement 
6c-9 One t-butyl group (C41A to C44A) is 
rotationally disordered over two positions in 
CU a 58:42 ratio. 
-1- t-0 	o—\==t 
( o H 
6c-10 Hydrogen atom positions were calculated 
and refined as riding and rotating groups, 
_N 	,N_ 
- except for water hydrogen atoms (H1WA, 








on the difference map and refined with 
distance 	restraints. 	One 	t-butyl 	group 
(C41A to C44A) is rotationally disordered 
over two positions in a 76:24 ratio. 	The 
lesser part is refined isotropically, all other 
atoms are refined anisotropically. 
6d_1* 1346 electrons/cell are modelled as diffuse 




occupancy of 4.01 	per asymmetric unit, 
using the method of van der Sluis and °,, - 
0 
Spek 	and the program PLATON . 	An 
occupancy of 4 was used for all calculations. 
6e-1 337 electrons/cell are modelled as diffuse ,........ 
q2N  S
\ /S 
/ \ methanol solvent, giving an occupancy of 
_N-___V-_-_--N_ 9.36 per asymmetric unit using the method 
/ \ of van der Sluis and Spek 18 and the program 
PLATON19 . An occupancy of 9.5 was used 
C) for all calculations. 
Table 6.2 (cont.) - X-ray structure determinations of ditopic ligands and metal complexes, showing the 
compounds involved and any special features associated with their structure solution and refinement 
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436 electrons/cell were modelled as diffuse 




6.06 per asymmetric unit, using the method 
of van der Sluis and Spek' 8 and the program 
1-N-H 	 14-N-\ 
> oi 0 	( 	) 
PLATON 1 9 . An occupancy of 6 was used for 
° all calculations. 
6e-3 	,-'•.. One solvent molecule of dichioromethane is 






6e-4 One nitrate residue is rotationally disordered 
' r \ / over two positions in a 60:40 ratio. 	Two 
- _N 	Ni- 	
/ 
molecules of dichioromethane solvent are 
refined as half-occupied. 
HO N-0 	
-0 C N 
 
7 
6f-1 One t-butyl group (C41A to C44A) is 
/ \ 
4 
rotationally disordered over two positions in 
N 	
- 
a 25:75 ratio. The sulfate is disordered over 
NO 
- _N7NN_ 
\ / 	0 	/ 
two positions in a 36:64 ratio. 	Three water 
molecules (01W, 02W and 03W) are 
N 
refined 	as 	half-occupied. 	All 	partially 
C- occupied atoms, excluding the sulfate, are 
refined anisotropically. 	None of the water 
hydrogen positions have been calculated or 
found on the difference map. 
Table 6.2 (cont.) - X-ray structure determinations of ditopic ligands and metal complexes, showing the 
compounds involved and any special features associated with their structure solution and refinement. 
-152- 
Chapter 6- Structural studies of salicylaldimine ligands as extractants for metal salts 
Parameter 	 6a-1 	I 	6a2* 	I 	6a-3 	 6b-1 
Crystal Data 
Formula C34H50N404 C41 H 3N404 CH58N402 CH3N606 
Mr 578.78 675.95 698.96 798.02 
Crystal system Monoclinic Monoclinic Triclinic Monoclinic 
Space Group C 2/c C 2/c P -1 P c 
a [A] 32.080(7) 24.786(3) 9.0272 (5) 22.870 (5) 
b [A] 10.430(2) 12.9082 (15) 11.5800(8) 18.410(4) 
c [A] 20.871 (5) 26.542(4) 20.5591 (13) 10.360(2) 
a. 101  74.237(3)  
0101 108.156(4) 91.715 (18) 78.507(4) 93.26(3) 
10   85.200(3)  
V 1A31 6636 (3) 8488 (2) 2025.9(2) 4354.9 (15) 
Z 8 8 2 4 
p 1 [9cm1 1.159 1.058 1.146 1.217 
Crystal shape and Pale yellow rod 
colour  
Colourless block Pale yellow plate Yellow plate 
Crystal size [mm] 0.30 x 0.10 x 0.05 0.38 x 0.35 x 0.27 0.15 x 0.10 x 0.01 0.97 x 0.54 x 0.10 
g 1mm 1 0.076 0.531 0.070 0.654 
Data Collection 








0.71073 1.54178 0.71073 1.54184 











Oming Omax 1.34, 26.55 3.33, 69.73 1.83, 22.50 3.08, 69.99 
T EKI 150 (2) 220 (2) 150 (2) 150 (2) 











H placement geometric geometric geometric / difinap geometric /difmap 
H refinement riding / rotating riding / rotating riding / rotating / 
freely  











Unique data with 3546 
F0>4a(F0) 
3727 2847 7161 
Parameters 387 434 478 1070 
Restraints 0 132 0 2 






















Extinction param 0 0 0.00011(3) 0.0091 (10) 0.00047 (11) 











Table 6.3 - Crystal data for compounds 6a-1, 6a-2, 6a-3 and 6b-1. Structures solved and refined by 
Dr R A. Coxall and Dr S. Parsons are denoted witht and * respectively. 
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Parameter 	I 	6c-1' 	I 	6c21 	I 	6c_3* 	 6c4 
Crystal Data 
Formula CHN4Ni04 C36H52CuN402 C37 75H65N4Ni 
011.75S  
C38H63CuN40105S  
Mr 635.47 636.36 853.71 839.52 
Crystal system Triclinic Monoclinic Monoclinic Monoclinic 
Space Group P-i P21 /c P 21 P 211 
a [A] 7.3052(5) 15.934(8) 18.9754(4) 16.2663(7) 
b Aj 15.1256 (14) 17.260(7) 12.8666(3) 14.7419 (11) 
C [A] 15.6704 (14) 12.692(9) 19.7197(4) 17.4166(7) 
72.470(3) 90 90 90 
87.161(5) D [01 100.63(4) 118.5710 (10) 96.663(4) 
81.267(4) Il 
 
90 90 90 
V A3j 1631.9(2) 3430 (3) 4228.25 (16) 4148.2(4) 
Z 2 4 4 4 
p 1 [gcm 3 1 1.293 1.232 1.341 1.344 
Crystal shape and Orange plate 
colour  
Colourless block Brown plate Red block 
Crystal size [mm] 0.25 x 0.12 x 0.05 0.35 x 0.30 x 0.20 0.20 x 0.20 x 0.10 0.86 x 0.27 x 0.16 
p.[mm'l 0.637 1.171 0.571 1.715 
Data Collection 








(A) 0.71073 1.54184 0.71073 1.54184 






 (0.839, 0.969) 
(p-scans 
(0.240, 0.334) 
0mm , Omax 4.09, 26.31 2.82, 60.13 1.58, 26.38 2.73, 60.09 
T 111(1 150 (2) 220 (2) 150 (2) 150 (2) 











11 placement geometric geometric geometric / difmap geometric / difmap 











Unique data with 3256 
F0>4.r(F0) 
2939 6054 4819 
Parameters 385 395 442 506 
Restraints 30 24 0 8 






















Extinction param 00 0.0008(2) 0.0018(3) 0.00024 (5) 










- 0.410  
Table 6.3 (cont.) - Crystal data for compounds 6c-1, 6c-2, 6c-3 and 6c-4. Structures solved and refined by 
Dr R A. Coxall and Dr S. Parsons are denoted witht and * respectively. 
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Parameter 	I 	6c-5 	 6c6* 	 6c-7 	I 	6c-8 
Crystal Data 
Formula C3H5202N6NiO10 CH53CI6N4NiO8S C43H60N6NiO6 C46H5N4NiO8 
Mr 846.44 1026.37 815.68  
Crystal system Monoclinic Triclinic Triclinic Monoclinic 
Space Group P 2 1 1c P-i P-i P n 
a IAI 16.5599 (16) 11.108(5) 10.260(3) 18.374(3) 
b 14.2742 (14) 14.319(7) 14.680 (5) 6.206(9) 
c iAi 16.7199 (16) 16.230 (11) 15.476 (5) 19.327(3) 
z 101 90 99.26(3) 80.063(5) 90 
0101 91.773(7) 107.95 (3) 74.149 (5) 107.907(2) 
101 90 98.71(3) 84.485 (5) 90 
V Wl 3950.3 (7) 2368 (2) 2205.8 (12) 2097.2(5) 
Z 4 2 2 2 
p' 	[gcm1 1.423 1.440 1.228 1.349 
Crystal shape and Red block 
colour  
Yellow plate Deep red rod Red plate 
Crystal size [mm] 0.62 x 0.58 x 0.51 0.29 x 0.12 x 0.04 0.35 x 0.05 x 0.05 0.35 x 0.15 x 0.10 
j.i [mni'] 0.689 4.555 0.491 0.522 
Data Collection 








0.71073 1.54178 0.71073 0.71073 









Oming Omax 2.70, 25.07 2.93, 60.17 1.38, 29.12 1.34, 26.40 
T 11(1 220 (2) 220 (2) 150 (2) 150 (2) 











H placement geometric / dilmap geometric geometric geometric 











Unique data with 4296 
F0>4(F0) 
3543 5558 6289 
Parameters 506 470 579 560 
Restraints 30 0 208 2 






















Extinction param 0.0003(2) 0.00025(17) 0 0 
Goodness of fit 1.003 1.024 0.976 0.992 
Largest residuals 
leA 3] 1 +0.277, -0.282 + -0.442 +1. -0.611 +0.805, -0.317 
Table 6.3 (cont.) - Crystal data for compounds 6c-5, 6c-6, 6c-7 and 6c-8. Structures solved and refined by 
Dr R A Coxall and Dr S. Parsons are denoted witht and * respectively. 
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Parameter 	I 	6c-9 	 6c-10 	I 	6d1* 	I 	6f1 
Crystal Data 
Formula CH56CuN408 CH64N4Ni0loS2 C50H66C18N4Ni06S C56H945N6Ni 
012.25S 
Mr 856.49 955.84 1193.44 1138.65 
Crystal system Monochnic Monoclinic Tetragonal Monoclinic 
Space Group P n P 21 /c P 422 P 21 1n 
a [A] 18.4890(17) 15.1652(13) 18.1205 (16) 13.4209 (15) 
b [A] 6.1802(6) 27.3 17(2) a 20.963(2) 
C IAI 19.3570(18) 12.0490(10) 35.052 (6) 23.789(3) 
ot P] 90 90 90 90 
0101 108.171(2) 112.285(2) 90 103.006(2) 
90 90 90 90 
V[A3J 2101.5(3) 4618.6(7) 11510 (2) 6521.2 (12) 
Z 2 4 8 4 
Igcm1 1.354 1.375 1.377 1.160 
Crystal shape and Amber plate 
colour  
Red rod Yellow needle Yellow plate 
Crystal size [mm] 0.20 x 0.18 x 0.07 0.24 x 0.05 x 0.05 0.77 x 0.12 x 0.12 0.11 xO.07 x 0.03 
p. [mni1 I 0.579 0.572 4.636 0.388 
Data Collection 








0.71073 0.71073 1.54178 0.71073 











0mm , Omax 1.84, 26.40 1.45, 26.43 2.75, 60.00 1.31, 22.54 
T 11(1 150 (2) 150 (2) 150 (2) 150 (2) 











H placement geometric / dilmap geometric /difmap geometric geometric 











Unique data with 4643 
F0>4a(F0) 
4855 3283 4019 
Parameters 568 602 523 735 
Restraints 4 4 555 772 
Max. ,/ty 0.001 0.004 0.001 0.000 





















Extinction param 0 0 0 0.0017(5) 













Table 6.3 (cont.) - Crystal data for compounds 6c-9, 6c-10, 6d-1 and 6f-1. Structures solved and refined 



































0.30 x 0.06 x 0.04 
0.682 





Crystal shape and 
colour 
Crystal size Immi 
ii 1mm 1 1 
6e-1 	I 	6e-2 
Crystal Data 
C57 5HN4Ni 











2827 (3) 5939 (4) 
2 4 
1.353 1.273 
Red block Red rod 




















































H placement geometric geometric geometric geometric 











Unique data with 3335 
F0>4cr(F0) 
4457 7236 7618 
Parameters 514 557 700 582 
Restraints 520 3 29 4 





















Extinction param 0 0 0 0 











Table 6.3 (cont.) - Crystal data for compounds 6e-1, 6e-2, 6e-3 and 6e-4. Structures solved and refined by 
Dr it A. Coxall and Dr S. Parsons are denoted witht and * respectively. 
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6.3.3 Crystallography: Results 
The structural discussion is divided into three broad sections - the free ligand 
structures (section 6.4), ligands complexed to square-planar metals (section 6.5) and 
ligands complexed to octahedral metals (section 6.6). In each section, after a brief 
discussion of structural features of each ligand or complex, a summary of the collated 
structural parameters (i.e. important bonded and non-bonded distances and angles) is 
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6.4 Structural discussion: Free ligand structures 
6.4.1 Free ligand structures 6a-1 to 6a-3 
These ligands were all designed to complex 4-coordinate ions. The variation of the 
bridge between the two N2 atoms is the main difference between them. This variation 
was originally introduced to solve the problem of not being able to remove copper 
from the complex of the ligands which present N202 donor sets (see section 6.2), as it 
is too stable. The variations introduced reduce the planarity of the donor set. 
\__ \ 
Figure 6.14 - Figure to show the similarity in N2—C22---C22---N2 torsion angle in structures 6a-1 
(left) and 6a-2. 
Perhaps surprisingly, 6a-1 is not found in an extended (trans-) configuration but in a 
gauche-configuration about the central ethane bridge, as is structure 6a-2 (Figure 
6.14). The cyclohexane-bridged ligand 6a-2 would be expected to adopt this 
configuration as the bridge is constrained to be in the gauche- form by the 1,2-
disubstituted cyclohexane group, but 6a-1 has no such constraints. Molecular 
mechanics calculations, constraining the two salicylaldimine arms to be rigid, using 
the parameters developed in Chapter 7, and minimising the energies of both the trans-
and gauche-conformation show the gauche-conformation to be more stable (Table 
6.4). 
trans-conformer gauche-conformer 
Energy kcaJ mof') 1 	0.78 -1.89 
Table 6.4 - Comparing the calculated energies of the trans- and gauche-conlormatlons of me 
molecular structure of 6a-1. 
The fact that molecular mechanics predicts this difference in conformation is good 
evidence that the force-field has been constructed with reasonable parameters. It also 
suggests that this conformation is not purely a result of crystal packing forces. This 
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allows the modelling work to proceed with reasonable confidence. The N2A-
C22A—C22B—N2B torsion angles for 6a-1 are 66.0(4)° and 65.6(4)°, and for 6a-2 is 
63.2(3)0 respectively. 
The crystal structure of the 2,2'-biphenylene bridged ligand 6a-3 cannot be directly 
compared to 6a-1 and 6a-2 as it has a four carbon atom bridge between the two N2 
atoms, rather than just two. However, it does show the classic non-planar 
arrangement of the biphenyl group (Figure 6.15), in which the benzene rings are 
approximately perpendicular to each other. The observed C22A—C27A—C27B-
C22B torsion angle in 6a-3 is 104.4(4)°. 
Figure 6.15 - Structure 6a-3 showing the extended conformation of the bridging bipyndyl group. 
6.4.2 Free ligand structure 6b-1 
No crystal structures of ligands with linear sexadentate donor sets of the type shown 
in Figure 6.8 have been determined. However, a crystal structure has been obtained 
of the bifurcated tris-salicylaldimine ligand derived from "tren", 6b-1, which 
potentially has an N3033 octahedral donor set. This is only the third ligand crystal 
structure to be reported for this type of (salicylaldimine) 3-bridgehead structure 21 . The 
previous two cases also had a bridgehead nitrogen atom derived from the tren unit 
N(CH2CH2NH2)3. Although ligands with bridgehead carbon atoms, e.g. those derived 
from "tame" CH3C(CH2NH2)3 have also been made at Edinburgh, it has not proved 
possible to crystallise the free ligand forms. These structures are not designed to 
maintain charge neutrality with a M2*  cation, as described in section 6.2.4. 
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6b-1 has two independent molecules in the asymmetric unit (Figure 6.16), with two of 
the salicylaldimine fragments in each molecule being symmetry related by a 2 1 -axis. 
The third is unrelated, however, and the structure is correct in space group Pc. 
1 
Figure 6.16 - The two crvstallographically independent molecules of structure 6b-1. The majority of 
the molecules are related by a 2 -axis, but one of the three arms is significantly different. 
6.4.3 Summary of structural parameters for free ligands 
As these molecules are designed as ligands the principal structural interest is in the 
arrangement of the donor atoms. The parameters can be studied in three parts - the 
ligand bond lengths and angles, and two donor sets - the first for the metal and the 
second for the anion. 
LiEand structure 
Although the Universal Force Field is well parameterised for organic systems 9 the 
salen structure has unusual geometry around the salicylaldimine group, making the 
parameters worth studying. Tables 6.5 and 6.6 are a summary of the parameters for 
the four ligand structures. 
The main feature to note about the bond distances is that the salicylaldimine is not 
resonant through the C2—C21—N2 bonds, though conjugation is observed. Double 
bond character is observed for the imine bond C21—N2 of 1.278(5) A compared to a 
literature 22  value of 1.279(8) A for the double bond. A comparable resonant C—N 
bond would be expected to have a value around 1.336(14) A22 . The C2—C21 bond is 
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slightly shorter than the literature 22 value of 1.476(14) A for a conjugated system, 
indicating a fairly high degree of conjugation. The C1-C2 bond length is slightly 
lengthened for an aromatic system of this type and the phenolic C1-01 bond is 
typical, with literature values22 quoted as 1.384(13) A and 1.362(15) A respectively. 
All four of these distances are tightly distributed, unlike the N2-C22 distance. This 
is due to the differing nature of the C22 atom (aliphatic or aromatic) and this is 
discussed further in Chapter 7. 
Structure CI-01 (A) C1-C2 (A) C2-C21 (A) C21-N2 (A) N2-C22 (A) 
6a-1 - A 1.358(3) - 1.407(4) 1.451(4) 1.275 (4) 1.453(3) 
6a-1-B 1.360(3) 1.403(4) 1.450(4) 1.279(3) 1.453 (3) 
6a-2-A 1.364(4) .396(4) 1.454(4) 1.286(4) 1.460(4) 
6a-2 - B 1.359(3) - 1.403(4) - 1.452(4) 1.271(4) 1.460(4) 
6a-3 - A 1.362(4) 1.395(4 - 1.451(5) 1.278(4) 1.414(4) 
6a-3 - B 1.359(4) 1.401(5) - 1.449(4) 1.285(4) 1.424(4) 
6b-1 -A 1.364(4) 1.404(4) 1.461(4) 1.276(4) 1.454(4) 
6b-1-B 1.355(3) 1.416(4) 1.462(4) 1.275(4) 1.452(4) 
6b-1 - C 1.358(4) 1.401(4) 1.476 (4) 1.270(4) 1.459(4) 
6b-1 - D 1.358(4) 1.400(5) 1.476(5) 1.272 (5) 1.464(5) 
6b-1 - E 1.356(4) 1.414(5) 1.452 (5) 1.276(5) 1.464(4) 
6b-1 - F 1.357(4) 1.421 (5) 1.459(5) 1.280 (5) 1.470 (5) 
Mean 1.359 1.405 1.457 1.278 1.452 
S. D. 0.003 0.008 0.010 0.005 0.017 
Table 1.5 - Summary 01 DonQ mstances m ngana sirucmres. 
Structure 01-C1--C2 (°) C1-C2---C21 (°) C2-C21-N2 (°) C21-N2--C22 (°) 
6a-1 -A 120.9(2) 122.4(3) 120.9(3) 118.9(2) 
6a-1 -B 120.9(2) 121.1(3) 122.5(2) 118.2(2 
6a-2-A 120.8(3) 122.2(3) 123.0(3) 117.2(3) 
6a-2-B 120.6(3) 121.7(3) 122.6(3) 118.1(3) 
6a-3 - A 121.5(3) 121.5(3) 122.3(3) 120.3(3) 
6a-3-B 121.4(3) 121.9(3) 121.8(3) 119.0(3) 
6b-1 -A 121.2(3) 121.0(3 121.1(3) 119.9(3) 
6b-1 -B 120.9(3) 120.4(3) 121.4(3) 119.4(3 
6b-1 - C 121.7(3) 120.5 (3) 121.1(3) 119.8(3) 
6b-1-D 121.8(3) 119.6(3) 121.5(3) 120.2(3) 
6b-1 - E 120.8(3) 120.7(3) 121.2(3) 120.6(3) 
6b-1 -F 120.8(3) 121.6(3) 122.1(3) 117.9(4 
Mean 121.1 121.2 121.8 119.1 
S. D. 0.4 0.8 0.7 1.1 
Table 6.6 - Summary 01 bOnCI angies m ngana structures 
All the bond angles are tightly distributed around 120°, as would be expected for 
planar atoms. This may be expected to change on coordination of the ligand to a 
metal atom, depending on the "bite size" required for the metal ion. This is discussed 
further below, and in sections 6.5 and 6.6, and in the discussion of metal ion 
requirements in Chapters 7 and 8. 
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Metal donor set 
6a-1, 6a-2 and 6a-3 all have four donor atoms and their preorganisation will affect the 
ability of the ligand to complex four coordinate metal cations. Structure 6b-1 has two 
crystallographically independent molecules, each with six donor atoms. Table 6.7 
gives some details of donor-donor separations and the torsion angles between 
chelating atoms which allows us evaluate the degree of preorganisation of donor sets. 
Structure N2...N2 (A) O1 ... O1 (A) N2A ... O1A N2B ... O1B O1 ... N2 ... N2 ... O1 (°) 
6a-1 (mol 1) 2.954(4) 6.137(4) 2.582(3) - 95.30(19) 
6a-1 (mol 2) 2.938(4) 6.173(4) 2.586(3) - 94.27(19) 
6a-2 2.912(4) 6.532(3) 2.636(3) 2.605(3) -95.31(16) 
6a-3 4.115(4) 7.683(4) 2.608(4) 2.670(4) 171.63(13) 
6b-1 (AIB) 4.353(4) 6.624(4) 2.573(4) - 106.69(18) 
6b-1 (A/C) 4.130(4) 6.533(4) 2.570(4) - 118.72(16) 
6b-1 (B/C) 4.333(4) 7.328(4) 2.577(4) - 121.61(16) 
6b-1 OD/E) 4.283(4) 6.714(4) 2.554(4) - 114.15(18) 
6b-1 (DIF) 4.352(5) 6.813(4) 2.554(4) - 110.37(19) 
6b-1 (ElF) 4.319(4) 6.732(4) 2.619(4) - 110.0(2) 
Table 6.7 - Summary of some of the major non-bonded parameters in the free liganci structures. The 
N2. . .01 distance is included, which helps define the "bite" size of the ligand. Each ligand molecule 
designed to complex square planar metals will have two of these bite distances, whereas 6b-1 will have 
three per molecule. Note that although structure 6a-1 only contains one molecule per asymmetric unit, 
two crystallographically independent half molecules are actually observed. 
The large distances between the non-bonded donor atoms (in particular 01. . .01) for 
structures 6a-1 to 6a-3 suggest that these structures are not very well pre-organised 
for binding square-planar metal ions. This is also reflected in the 01.. .N2. . .N2. .01 
non-bonded torsion angle, with a value of around 00  expected for preorganised 
structures. 6a-3 is in a particularly extended configuration, reflecting the design of 
the ligand to be less favourable for complexing square planar geometries (section 6.7). 
The donor set of 6b-1 also appears to be poorly preorganised for the desired binding 
mode of an octahedral geometry. Large N2. . . N2 and 01.. .01 atomic separations are 
observed, with once again the 01.. .N2.. .N2. .01 non-bonded torsion angle being 
very different from 00. 
The bite distance in these ligand structures remains fairly constant, with a mean value 
of 2.59(3) A being observed for the twelve values. This value is altered by 
coordination of the ligand to a metal (sections 6.5 and 6.6). 
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Anion bindin2 site 
The anion binding site is largely defined by the disposition of the N62 atoms. If their 
separation is too great, then encapsulation of the sulfate anion is unlikely. These 
distances and the ideal disposition of hydrogen bond donors is discussed in detail in 
chapters 7 and 8. However, it is worth noting that the alignment of individual pendant 
amine groups relative to the metal chelating arms is largely fixed by two torsion 
angles, shown in Figure 6.17. 
—X62 
Figure 6.17-Figure to show the two free 
torsion angles. X62 defines either the 
position of a dummy atom signifying the 
N62 lone pair, or hydrogen atom 1162 in 
protonated structures. 
The morpholine or piperidine rings in 
the pendant groups always adopt a 
chair configuration. This means that 
the amino nitrogen atom position can 
be uniquely determined by the two 
torsion angles (C1—C6--C61—N62 
and C6—C61—N62—X62). By 
rotating these two torsion angles with 
respect to each other and using 
molecular mechanics to minimise the 
energy it is possible to map out the 
regions of low energy and therefore 
where the N62 atoms are most likely 
to sit (Figure 6.18). This is a valuable 
exercise to test the force-field against 




Torsion 1 (°) 
(c1_C6—C61—N62) 
Torsion 2 (°) 
(C6—C61—N62---X62) 
6a-1-molA 163.8(3) 48 
6a-I - mol B 165.6(3) 47 
6a-2- part A -139.5(3) -47 
6a-2 - part B 154.4(3) 49 
6a-3 - part A 1614(3) 47 
6a-3- part B 150.3(3) 49 
6b-I - part A 78.8(4) -47 
6b-1 - part B 97.3(4) 52 
6b-1- part C -170.6(3) 47 
6b -I - part D -170.9(3) 49 
6b-1 - part E 77.3(4) 46 
6b-1 - part F -89.1(4) 58 
Table 6.8 - Table to show the values of the two tree torsion angles in tree ugana ciystai structures. 1140 
standard deviations are given for torsion 2 when a dummy atom is used for the definition. 
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The values obtained for these two torsion angles for the free ligand structures are 
shown in Table 6.8 and are plotted on the conformer search map (Figure 6.18) as red 
dots. Although it can be seen that the calculated values do not exactly match the 
experimental ones, the match is reasonably close and again can give us confidence 
that the force-field has been well parameterised. Although the structures for square 
planar and octahedral metal geometries have not yet been discussed, the two free 
torsion angles for these crystal structures will be discussed here for convenience. 
Tables 6.9 and 6.10 show the values for these two torsion angles for the square planar 
















-180-150-120 -90 -60 -30 0 30 60 90 120 150 180 
Torsion 1 (°) 
Figure 6.18 - Energy map of the conformer search of torsion 2 (C6—C61—N62—X62. Figure 6.17) 
with respect to torsion 1 (C1—C6--C61—N62). The contours are spaced at 0.5 kcal moI' and range 
from 37.25 to 94.25. Blue lines indicate areas of low energy going to red at high energy. The spots 
plotted represent the values seen in the crystal structures performed at Edinburgh. with red representing 
free ligand structures, green representing square-planar complexed structures and blue representing the 
octahedrally complexed structures. 
_165- 
Chapter 6 - Structural studies of salicvla!dimine ligands as extractants for metal salts 
F ragment 
Torsion 1 (°) 
(O-C6--c61-N62) 
Torsion 2 (°) 
(C6-C61-N62-X62) 
6c-I- part A -94.1(4) 61 
6c-1- part B 87.1(4) -55 
6c-2- part A -89.5(9) 39 
6c-2 - part B 86.6(8) 55 
6c-3- part A -90.2(3) 172(4) 
6c-3- part B -94.0(3) 174(2) 
6c4 - part A -87.5(4) 164(2) 
6c-4- part B -90.2(4) -178(3) 
6c-5 - part A -97.8(4) -57(2) 
6c-5- part B 96.7(4) 61(3) 
6c-6- part A -92.1(10) 175 
6c-6 - part B -89.6(10) -97 
6c-7 - part A -99.7(5) -57 
6c-7 - part B_I 169.3(7) 50 
6c-7- part B_2 173.2(16) 40 
6c-8 - part A -96.8(3) -56 
6c-8 - part B 99.4(3) 62 
6c-9 - part A -93.9(3) -63(2) 
6c-9- part B 98.9(3) 57.9(17) 
6c-10- part A 89.2(4) -179 
6c-10- part B 108.3(4) 68 
Table 6.9 -Table showing the values 01 torsion angles I and 2 for me anion oinaing site in me square 
planar complexed species. No standard deviations are given for torsion 2 when a dummy atom is used 
for the definition. 
F ragment 
Torsion 1 (°) 
(cI-c6.----c61-N62) 
Torsion 2 (°) 
(C6-C61-N62-X62) 
6d-1 - part A 48.0(17) -53 
6d-I -part B -77.3(16) 60 
6e-I- part A 108.9(11) -80 
6e-l- part fl 103.9(10) -75 
6e-2 - part A 94.5(8) 69 
6e-2 - part B -95.6(8) -64 
6e-3- part A 91.6(5) 64(4) 
6e-3 - part B -91.9(6) -52(3) 
6e-4- part A 51.1(5) 44 
6c-4- part B 94.3(5) 56 
61-I - part A 94.9(10) -178 
61-I - part B 52.3(13) -52 
6f-I - part C 51.6(12) -57 
Table 6.10 - Table showing the values 01 torsion angles I and 2 br me anion oincung site in me 
octahedrally complexed species. No standard deviations are given for torsion 2 when a dummy atom is 
used for the definition. 
It can be seen from Figure 6.18 that all the observed crystal structure fragments lie on 
or near energy minima for the two free torsion angles. This suggests that the anion 
binding site is well modelled within the Universal Force Field and that this is a 
satisfactory model of both the steric and electronic influences. Of particular interest is 
the fact that of the three structures that encapsulate a sulfate dianion in two separate 
motifs, 5 out of 6 fragments have torsion I at ±900  and torsion 2 at ±180 0 . This 
position appears to be significant for anion encapsulation. 
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6.5 Structural discussion: Ligands complexed to square 
planar metals 
Ten crystal structures in this category (6c-1 to 6c-10) are included. Three of these 
(6c-2, 6c-4 and 6c-9) have Cu2 as the metal atom whilst the other seven contain Ni 2 . 
An overview of structural features will be presented firstly (section 6.5.1), followed 
by a summary of the observed parameters within these structures (section 6.5.2). 
6.5.1 Structures 6c-1 to 6c-10 
In all ten of these crystal structures the ligand complexes the metal in the desired 
square-planar fashion. Firstly the metal coordination sphere will be studied, followed 
by a brief study of the degree of anion encapsulation observed in the different 
structures. 
Metal bindin2 site 
The principal point of interest about the metal binding site is the increase in bite size 
of the ligand to accommodate the square planar metal cations. The N2. . . 01 non-
bonded distance increases from 2.59(3) A in the free ligand to 2.710(12) A and 
2.778(19) A for nickel(H) and copper(II) respectively (Tables 6.16 and 6.17). The 
nature (or indeed absence) of the attendant anion has no noticeable effect on the bond 
parameters around the metal binding site. Additionally, the ligand bond lengths and 
angles do not vary with the metal cation. 
Anion encapsulation 
Three structures, 6c-3, 6c-4 and 6c-6, contain the desired anion, sulfate. All three 
partially encapsulate the dianion, but in two different ways. 6c-3 and 6c-4 are 
identical except for the metal ion (Ni" and Cu" respectively) and hydrogen bond to 
the sulfate in the required way, siting it in a cavity between the pendant morpholinium 
arms (Figure 6.19). 6c-6 is different, as the nickel(II) salt complex dimerises in the 
solid state to envelope two sulfate residues in the centre, with the two ligands and 
their hydrophobic substituent on the outside (Figure 6.20). Thus the sulfate can be 
extracted in two ways, both of which are detailed in chapter 8. Although in current 
systems the anion is being extracted, rationalisation of the mode of binding is 
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exceedingly difficult as many possibilities exist (including the motif in crystal 
structure 6f-1 - see section 6.6.3). Despite this ambiguity, it can be concluded that it 




Figure 6.19 - Showing the method of sulfate encapsulation seen in structure 6c-3. Structure 6c4 has 
an identical motif. 
Figure 6.20 - Showing the method of sulfate anion encapsulation shown by structure 6c-6. 
Crystal structures 6c-8 and 6c-9 have some interesting features as they are both in the 
non-centrosymmetric space group Pn. The structures are very similar and contain 
long chains of hydrogen-bonded molecules (Figure 6.21). One of the reasons why 
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these compounds were synthesised by Dr Hamish Miller was an interest in their non-
linear optical properties, but this is beyond the scope of this project. 
-er 
.1 	f 	 r 	 .1 
Figure 6.21 - Figure showing the non-centros nunetrc chains observed in structure 6c-8. 
The ten crystal structures of "metal salt complexes" contain a wide variety of anions. 
To recap, 6c-3, 6c-4 and 6c-6 contain a sulfate anion hydrogen-bonded to H62, 6c-5 
contains nitrate, 6c-7 acetate, 6c-8 and 6c-9 pterophthalate and 6c-10 napthalene 
disulfate. In all of these structures, when H62 is hydrogen-bonded to a group on the 
anion, the hydrogen bond is always bifurcated, but never trifurcated and the hydrogen 
bond never has only one acceptor. This has significance for idealising the anion 
binding cavity and is a common motif throughout the CSD (section 7.5). 
6.5.2 Summary of parameters for ligands complexed to square 
planar metals 
As in section 6.4.3, the observed structural parameters of the complexes can be 
examined in two parts - backbone ligand structure and the metal coordination sphere. 
The anion binding site has already been dealt with as part of section 6.4.3. As the 
UFF is known to accurately reproduce organic molecular structures 9 , it is only 
necessary to examine the chelate ring sections of the ligand backbone. 
Liand backbone structure 
Tables 6.11 and 6.12 respectively show the principal bond lengths and angles in the 
ligand backbone (i.e. the values that are also observed in the free ligand), to enable 
comparison with the free ligand. 
The most obvious effect of complexation is a shortening of the CI—Ol and C2—C21 
bonds, the former being the most significant with a shift from 1.359(3) A to 
1.314(9) A. Although this is a large shift it is explained by the N2 atom chelating the 
metal cation. Subsequent delocalisation of charge through the chelate ring explains 
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the observed effect. Whether this difference is statistically significant or not is 
difficult to say due to the small number of structures involved, and this will be 
discussed in Chapter 7. It is worth noting that no significant difference is seen in the 
C21-N2 bond distance. Again, the large standard deviation on the N2-C22 bond is 
due to the difference in the carbon atom-type. A slight increase is seen in the 01-
C1-C2 and C2-C21-N2 bond angles, with also an increase in the breadth of the 
distributions giving rise to greater standard deviations on the parameters. This 
suggests that the bite angle of the ligand is increased for these complexes, and this is 
indeed observed in an increase of the N2. . .01 non-bonded distance for the complexed 
species (Tables 6.16 and 6.17). An overall comparison between the observed mean 
values in the locally determined structures is effected in section 6.7. 
Structure Ci-Ol (A) C1-C2 (A) C2-C21 (A) C21-N2 (A) N2-C22 (A) 
6c-1 1.311(4) 1.404(5) 1.429(5) 1.290(4) 1.474(5) 
6c-1 1.306(4) 1.406(5) 1.424(5) 1.286(4) 1.462(5) 
6c-2 1.336(9) 1.419(10) 1.454(10) 1.291(9) 1.469(9) 
6c-2 1.331(8) 1.409(10) 1.456(9) 1.278(9) 1.469(9) 
6c-3 1.325(3) 1.418(4) 1.437(4) 1.287(3) 1.475(3) 
6c-3 1.319(3) 1.415(4) 1.440(4) 1.287(3) 1.485(3) 
6c4 1.307(4) 1.417(4) 1.436(5) 1.287(4) 1.473(4) 
6c4 1.308(4) 1.423(4) 1.439(4) 1.283(4) 1.471(4) 
6c-5 1.313(4) 1.412(5) 1.423(5) 1.293(5) 1.477(5) 
6c-5 1.319(4) 1.411(5) 1.428(5) 1.280(5) 1.481(4) 
6c-6 1.321(10) 1.422(12) 1.407(13) 1.290(11) 1.464(11) 
6c-6 1.311(10) 1.428(12) 1.419(12) 1.309(12) 1.470(11) 
6c-7 1.309(5) 1.424(6) 1.392(6) 1.307(5) 1.410(5) 
6c-7 1.308(5) 1.410(7) 1.392(7) 1.307(6) 1.390(6) 
6c-8 1.308(3) 1.416(4) 1.432(4) 1.288(3) 1.473(4) 
6c-8 1.311(3) 1.423(4) 1.423(5) 1.285(4) 1.477(4) 
6c-9 1.304(4) 1.429(5) 1.438(4) 1.267(3) 1.463(4) 
6c-9 1.309(3) 1.427(4) 1.433(4) 1.274(4) 1.479(4) 
6c-10 1.312(4) 1.421(4) 1.444(5) 1.285(4) 1.481(4) 
6c-10 1.312(4) 1.416(5) 1.442(5) 1.278(4) 1.469(4) 
Mean 1.314 1.418 1.429 1.288 1.466 
S.D. 0.009 0.007 0.017 0.011 0.023 
Table 6.11 - Bond lengths (A) in the salicvlalcliminato portions of the complexes of square-planar 
metal(II) cations. 
Table 6.13 shows the mean deviation from a least-squares plane for nine atoms in 
each salicylaldiminato group of the ligands, and the angle between the two planes for 
each crystal structure. These results suggest that although the mean deviation from 
the plane is fairly constant in all structures, the angle between the planes is not very 
important, with a large variation in values possible. The actual value adopted is likely 
to be due to the influence of crystal packing forces. 
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Structure 01-C1-C2 (°) C1-C2---C21  (°) C2-C21-N2  (°) C21-N2-C22  (°) 
6c-1 124.0(4) 121.7(4) 124.7(4) 117.1(3) 
6c-1 123.9(4) 120.8(4) 125.9(4) 116.8(3) 
6c-2 124.2(7) 121.9(6) 124.1(7) 117.9(6) 
6c-2 124.7(6) 121.6(6) 125.5(7) 118.5(6) 
6c-3 123.8(2) 120.8(2) 124.2(2) 119.1(2) 
6c-3 123.6(2) 121.5(2) 125.2(2) 118.7(2) 
6c4 124.6(3) 122.1(3) 125.8(3) 120.1(3) 
6c4 124.5(3) 122.4(3) 125.7(3) 119.5(3) 
6c-5 123.9(4) 121.8(3) 124.1(3) 118.9(3) 
6c-5 124.5(3) 120.8(3) 125.4(4) 119.7(3) 
6c-6 122.8(8) 122.2(8) 125.7(8) 124.4(8) 
6c-6 124.4(8) 119.9(8) 124.7(9) 120.7(8) 
6c-7 123.4(4) 122.0(4) 125.0(4) 121.7(4) 
6c-7 124.2(4) 121.3(4) 125.4(5) 122.8(4) 
6c-8 123.7(2) 121.5(2) 125.1(3) 119.4(3) 
6c-8 123.4(3) 121.0(3) 126.6(3) 119.3(2) 
6c-9 124.2(3) 122.3(3) 126.0(3) 121.7(3) 
6c-9 123.8(3) 122.6(3) 125.7(3) 120.7(3) 
6c-10 123.8(3) 120.5(3) 125.1(3) 119.2(3) 
6c-10 123.9(3) 120.7(3) 124.8(3) 119.6(3) 
Mean 124.0 121.5 125.2 120.0 
S.D. 0.5 0.7 0.7 1.8 
Table 6.12 - Bond angles (°) in the salicylaldiminato portions of the complexes ot square-planar 
metal(II) cations. 
Structure Mean deviation from 
plane, part A (A) 
Mean deviation from 
plane, part B (A)  
Angle between planes 
6c-1 0.0373 0.0372 14.1 
6c-2 0.0336 0.0435 19.9 
6c-3 0.0254 0.0160 20.1 
6c4 0.0253 0.0384 2.9 
6c-5 0.0719 0.0343 16.6 
6c-6 0.0339 0.0490 15.9 
6c-7 0.0154 0.0251 8.0 
6c-8 0.0125 0.0239 19.2 
6c-9 0.0315 0.0342 16.7 
6c-10 0.0597 0.0426 22.1 
Mean deviation of atoms from the plane (all structures) = 0.035(14) A 
Mean angle between the planes (all structures) = 16(6) ° 
Table 6.13 - Table showing the planarity of the salicylaldimmato Iragment using deviation lrom a 
least squares plane of atoms 01. Cl. C2, C21. N2. C3. C4. CS and C6. 
Geometry of metal bindin2 sites 
The structures containing four coordinate nickel and copper will be considered 
separately. Tables 6.14 and 6.15 show the bond lengths and angles in the 
coordination sphere, whilst Tables 6.16 and 6.17 contain other parameters which help 
to define the coordination geometries for the seven nickel(II) structures and three 
copper(II) structures respectively. 
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6c-1 A 1.849(2) 1.834(3) 94.77(13) 86.22(14) 84.91(11) 175.46(12) 
6c-1 B 1.844(3) 1.838(3) 94.42(13) - - 175.75(12) 
6c-3A 1.8486(17) 1.845(2) 93.68(8) 85.98(9) 85.88(7) 177.21(8) 
6c-3 B 1.8546(17) 1.857(2) 94.5 1(8)  - 178.84(9) 
6c-5 A 1,859(3) 1.852(3) 94.16(12) 85.73(13) 86.38(11) 173.36(14) 
6c-5B 1.855(3) 1.852(3) 94.38(12) - - 174.40(13) 
6c-6 A 1.855(6) 1.859(7) 94.6(3) 86.2(3) 85.2(3) 173.5(3) 
6c-6B 1.832(6) 1.853(8) 94.3(9) - - 172.5(3) 
6c-7 A 1.842(3) 1.853(4) 93.87(15) 86.79(16) 85.30(14) 178.93(16) 
6c-7B 1.826(3) 1.857(4) 94.04(16) - - 179.07(17) 
6c-8A 1.8484(18) 1.847(3) 94.77(9) 86.00(11) 85.32(8) 173.54(10) 
6c-8 B 1.8534(19) 1.855(2) 94.52(10) - - 174.59(10) 
6c-10A 1.841(2) 1.848(3) 94.66(12) 86.22(13) 85.51(10) 174.36(12) 
6c-10 B 1.845(2) 1.848(3) 94.23(12) - - 173.79(11) 
Mean 1.847 1.850 94.4 86.2 85.5 175.4 
S.D. 0.009 0.007 0.3 0.3 0.5 2.3 
Table 6.14 - Bond lengths (A) and bond angles ('a)  in the coordination spheres of the seven nickel(1l) 
four coordinate structures. For these trans-donor angles, 0IA-Nil-N2B values are quoted above 
01B-Nil-N2A values. 








6c-2A 1.881(5) 1.909(6) 92.9(2) 84.1(2) 91.37(19) 171.0(2) 
6c-2 B 1.896(5) 1.92 1(6) 92.9(2) - - 170.0(2) 
6c-4A 1.897(2) 1.950(3) 92.56(10) 84.51(11) 88.90(9) 176.85(10) 
6c-4B 1.896(2) 1.926(3) 93.97(10) - - 176.76(11) 
6c-9A 1.891(2) 1.939(2) 93.63(10) 84.86(11) 89.85(9) 169.45(11) 
6c-9 B 1.899(2) 1.93 1(2) 93.30(10) - - 170.47(10) 
Mean 1.893 1.929 93.2 84.5 90.0 172.4 
S.D. 0.007 0.014 0.5 0.4 1.2 3.4 
Table 6.15 - Bond lengths (A) and bond angles () in the coordination spheres of the three copper(11) 
four coordinate structures. t For these trans-donor angles, 01 A-Cu l-N2B values are quoted above 
O1B-Cul-N2A values. 
All the parameters in Tables 6.14 and 6.15 have relatively small standard deviations 
which makes the setting up of the molecular mechanics calculations described in 










6c-I 0.0299 5.88(11) 2.511(5) 2.495(4) 2.713(4) 2.701(4) 0.0561 
6c-3 0.0371 -2.61(8) 2.525(3) 2.523(2) 2.694(3) 2.726(3) 0.0269 
6c-5 0.00694 8.35(12) 2.519(4) 2.542(3) 2.717(4) 2.719(4) 0.0804 
6c-6 0.0383 -9.4(3) 2.516(10) 2.495(8) 2.729(9) 2.693(9) 0.0912 
6c-7 0.0237 -0.28(16) 2.549(5) 2.485(4) 2.700(5) 2.694(5) 0.0043 
6c-8 0.189 8.01(9) 2.524(3) 2.508(2) 2.719(3) 2.723(3) 0.0778 
6c-10 0.0521 8.00(10) 2.525(4) 2.502(3) 2.712(4) 2.705(4) 0.0769 
Mean 0.05 6.1* 2.524 2.507 2.710 0.06 
S. D. 0.06 3.4 0.012 0.019 0.012 0.03 
Table 6.16 - Parameters defining the coordination geometries mine tour-coorcimate mceitiij 
structures, the continuous symmetry measure (CSM), the O1A ... N2A.. .N2B. . .O1B torsion angle (°). 
the cis-donor separations, the bite size and the planarity of the structure. * This mean value is 
calculated assuming all values are positive, as the sign depends solely on which molecule is chosen. 
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Fragment CSM 
O1 ... N2... 
N2 ... o1 






6c-2 0.0227 12.4(2) 2.566(8) 2.703(6) 2.745(7) 2.767(7) 0.1179 
6c4 0.000923 -1.16(10) 2.607(4) 2.656(3) 2.781(3) 2.795(3) 0.0166 
6c-9 0.188 13.42(10) 2.611(3) 2.676(3) 2.793(3) 2.785(3) 0.1312 
Mean 0.07 9* 2.595 2.678 2.778 0.09 
S. D. 0.10 7 0.025 0.024 0.019 0.06 
Table 6.17- Parameters definmg the coordination geometries in me tour-coorainaie copperiu 
structures, the continuous symmetry measure (CSM). the O1A ... N2A. ..N2B. . .O1B torsion angle (°). 
the cis-donor separations, the bite size and the planarity of the structure. * This mean value is 
calculated assuming all values are positive, as the sign depends sole!y on which molecule is chosen. 
The two donor-copper bond distances are significantly longer than the nickel(II) 
analogues, but the 01-Cu-N2 and N2-Cu-N2 bond angles remains 
approximately the same as this is determined by the ligand. The increase in the value 
of the 01-Cu--Ol bond angle is due to the larger size of the metal ion. The 
Ol ... Ol non-bonded distance is increased (Tables 6.16 and 6.17), allowing the 
oxygen atoms to adopt a more idealised square planar geometry. 
Included in the tables of non-bonded parameters (Tables 6.33 and 6.34) is a measure 
of the degree of square planarity of the systems, the continuous symmetry measure 
23 
(CSM), using a program by Mark Pimsky which was developed at the Hebrew 
University of Jerusalem 24. A value of 0 for the CSM indicates a square planar 
complex, so all the structures are observed to be very close to square planar. Also 
included is a value for the mean deviation of the donor and metal atoms from a mean 
plane through them, calculated within XP 13 
The non-bonded distances are all tightly distributed around the mean for both the 
nickel(II) and copper(H) structures, suggesting that the metal cation has a well defined 
preferred coordination geometry. An increase in the N2. . .N2 and 01 . . .01 non-
bonded distances is seen for copper(II) structures compared with nickel(II) structures, 
as well as in the N2...01 bite size. As the ligands in both cases are very similar, it 
suggests that this difference is caused by the effect of the metal cation. The ligand is 
therefore reasonably flexible in the geometry it will adopt, though not in the 
approximate shape. 
The final parameters of interest describe whether the structure adopts a chair or a boat 
form. This is described by two equations, which are described in Chapter 7. No 
explanation or definition of these equations is given here, except to state that if the 
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structure satisfies the equation 8+4) + 4)' = 1800 then the structure can be described as 
boat, and if it satisfies the equation 0 + 4) - 4)' = 180 then it is described as chair. 
However, if both equations are true then the structure is flat and if 8 + 4) + 4)' = 8 + 4) - 
4)' then the structure has one arm up. A value is said to satisfy the equations if it is 
within 2°. Tables 6.18 and 6.19 list the values for these equations for the nickel(H) 
and copper(II) structures. 
Structure 0 4) 4)' 0+4)+4)' 0+4) -4)' Description 
6c-1 177.2 3.4 0.6 181.2 180.0 flat 
6c-3 173.0 6.5 0.2 179.7 179.3 flat 
6c-5 178.7 3.2 2.2 184.2 179.7 Chair 
6c-6 179.4 4.2 3.6 187.2 180.0 Chair 
6c-7 177.8 1.3 0.3 179.4 178.8 Flat 
6c-8 173.3 3.9 2.3 179.5 174.9 Boat 
6c-10 174.0 5.1 0.4 179.6 178.7 Flat 
Table 6.18 - Table of values of 0, 4) and  4)' for structures containing square planar mckel(ll). The 
definition of these angles is described in Chapter 7. 
Structure 0 4) 4)' 0+4) +4)' 0+$-V Description 
6c-2 176.2 2.6 1.4 180.1 177.4 Boat 
6c-4 179.2 2.7 0.9 182.8 181.0 Chair 
6c-9 175.0 3.9 0.8 179.7 178.1 flat 
Table 6.19- Table of values of 0, 4) and  4)' for structures containing square planar copper(ll). The 
definition of these angles is described in Chapter 7. 
The majority of the structures are observed to be flat. The structures containing 
nickel(II) are unusual in comparison to the observed database structures (Chapter 7), 
as the majority of these are either flat or boat shapes. Structure 6c-6 is probably 
influenced by the cyclohexane N2. . . N2 bridge which will restrict the possible 
configurations adopted. However, 6c-5 appears to be anomalous. The copper(II) 
structures are distributed more randomly, as is observed for the majority of database 
structures. 
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6.6 Structural discussion: Ligands complexed to pseudo-
octahedral metal centres 
Crystal structures 6d-1, 6e-1 to 6e-4 and 6f-1 fall into this category. 
6.6.1 Structure 6d-1 
Crystal structure 6d-1 is unusual in the sense that a pseudo-octahedral nickel(I1) 
complex has been formed by a tetradentate ligand, with the additional two donors 
being supplied by a sulfate ion (see Figure 6.22). The biphenylene bridging unit 
between the two imine nitrogen atoms was introduced to destabilise planar complexes 
and hence aid the stripping of the copper(II) ion to recycle the ligand (see section 
6.2.1). Clearly for nickel(II) this ligand's preference to define non-planar N202 donor 
sets can be readily achieved by forming a cis-octahedral complex with a folding of the 
donor set about the trans-N2—NiI--01 axis. 
Figure 6.22 - Structure of 6d-1 showing the unusual coordination mode of sulfate to mckel(ll). 
This structural motif is also interesting outwith the confines of this project as it is only 
the second crystal structure to show this form of bidentate sulfate coordination for 
nickel 25 in any oxidation state. Additional modes of coordination observed include 
one structure 26  with a bridging sulfate (via an O—S---O link) between two nickel 
atoms and three structures 27 show sulfate coordinated to nickel in a terminal mode. 
This motif in 6d-1 is determined by the steric constraints of the biphenyl group, as the 
literature structure is also sterically constrained. The structure does not allow enough 
space for another ligand to approach the metal, so the sulfate adopts a role where it 
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occupies two binding sites instead of just one. Although perhaps not very favourable 
for the sulfate, this motif is favourable for the molecule as a whole. 
6.6.2 Structures 6e-1 to 6e-4 
Structures 6e-1 to 6e-4 are a reasonably well established motif, with five other 
structures of octahedral nickel(II) coordinated by two salicylaldimine groups and two 
thioethers28 . Four novel structures have been determined locally so this is a 
significant contribution to the literature available on such compounds. 
The predictions of the shapes of the molecules have been discussed in section 6.2.2. 
Other than this, the main interest lies in the mode of binding of the sulfate anion in 
structure 6e-2. Although it is hydrogen-bonded to two N62 groups, the anion is 
actually bridging between two different molecules, forming infinite hydrogen-bonded 
chains (Figure 6.23). The molecular mechanics project aims to determine the number 
of atoms required to bridge the two N62 anion binding atoms. This binding mode 
does not lend itself to bridging the two atoms, as this would form a polymeric 
structure. An understanding of the factors required for sulfate encapsulation is 
explained in greater detail in Chapters 7 and 8. 
0 
Figure 6.23 - Showing the infinite hydrogen-bonded chains present in 6e-2. 
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6.6.3 Structure 6f-1 
The complex 61-1 has an unusual motif, this being the first example of a crystal 
structure of a nickel cation with three salicylaldimine groups complexed to it, 
although this is not an unknown motif for other earlier transition metals (there are 33 
examples of structures 29 containing metals Cr, Mn, Fe, Co and V in various oxidation 
states). The ligand itself is also quite unusual, with only three structures seen 
previously of a metal complexed to a carbon bridgehead—(salicylaldimine)3 ligand. 
In total 12 structures30 of metal complexed-bridgehead ligands exist, but 11 of these 
have a nitrogen bridgehead and the final one has a cyclohexyl group instead. 
It is particularly interesting to note that only one of the piperazinium W—H groups is 
hydrogen-bonded to the sulfate. The other two are engaged in intra-molecular 
hydrogen bonds with phenolate oxygen atoms in the same arms of the ligand (Figure 
6.24). This ligand type extracts nickel(II) sulfate exceedingly well 31,  although the 
mode of anion binding is not yet well determined and is beyond the scope of this 
project. 
/ 
Figure 6.24 - Showing the mode of binding of a bifurcated Iris-salicylaldiminato ligandto mckel(II). 
The two intra-molecular N62—H62.. .01 hydrogen bonds are shown in pale blue, as is the interaction 
of the remaining N62 group with a sulfate dianion. 
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6.6.4 Summary of parameters for ligands complexed to octahedral 
metals 
Only a small number of crystal structures of octahedral nickel with salicylaldimine 
ligands are observed (Chapter 7). One possible reason for this is the difficulty with 
which they crystallise. Of the six crystal structures in this section, only three have an 
Rç value of less than 10%. It was decided to use this value as a cutoff for structures 
performed locally for obtaining parameters for molecular modelling because of the 
innate errors built into these less well determined structures. Thus, this section will 
only consider structures 6e-2, 6e-3 and 6e-4. Again, the parameters will be 
considered in two sections based on the ligand backbone and the nickel-binding site. 
The anion binding site has already been considered in section 6.4. 
Li2and backbone structure 
Tables 6.20 and 6.21 show the bond lengths and angles respectively in the 
salicylaldiminato portions of the ligands, and Table 6.22 the same for the thioether 
containing chelate rings in the high spin nickel(H) complexes. 





6e-2 1.282(8) 1.421(9) 1.402(10) 1.291(9) 1.405(9) - 
6e-2 1.274(9) 1.412(11) 1.472(10) 1.291(8) 1.419(9) - 
6e-3 1.275(6) 1.435(7) 1.430(7) 1.309(6) 1.414(6) - 
6e-3 1.291(6) 1.432(7) 1.446(7) 1.290(6) 1.424(6) - 
6e-4 1.316(5) 1.415(6) 1.448(6) 1.276(6) - 1.475(6) 
6e-4 1.287(5) 1.432(6) 1.429(6) 1.285(6) - 1.465(6) 
Mean 1 	1.288 1.425 1.438 1.290 1.416 1.470 
S. D. 1 0.015 0.010 1 	0.023 0.011 0.008 1 	0.007 
Table 6.20 - Bond lengths (A) in the salicylaldinhinato portions of the pseudo-octahedral mckel(U) 
complexes. 
The CI-01 bond length has shortened once again from 1.359(3) A in the free ligand 
and 1.314(9) Ain the square planar complexes to 1.288(15) A, which is probably due 
to a greater delocalisation of the oxygen electrons into the aromatic ring. This occurs 
as the nickel(H) cationic charge is smeared over six donor atoms rather than four and 
corresponds to a lengthening of the Nil-Ol bond length (Table 6.23). Other than 
this, little variation is seen around the chelating ring bond lengths compared to the 
square planar systems (section 6.5.2), with acceptable standard deviations on all 
parameters with the exception of the undivided N2-C22 bond length, which is again 
affected by the nature of the C22 atom (Table 6.20). 
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A similar set of bond angles to the square planar donor set is seen, with larger 
standard deviations seen than in the free ligand structure. Opening up of the angles to 
accommodate the larger high spin nickel(H) atom is observed. This is studied in 
greater detail with a larger sample set in Chapter 7. 
Structure 01-C1---C2 C1-C2---C21 C2-C21-N2 C21-N2-C22 
6e-2 123.9(7) 124.5(8) 128.5(8) 121.6(7) 
6e-2 123.9(8) 128.1(7) 122.9(8) 115.0(7) 
6e-3 125.6(4) 123.9(4) 127.6(4) 119.6(4) 
6e-3 124.9(4) 123.8(4) 127.9(5) 119.9(4) 
6e-4 124.9(4) 123.8(4) 127.4(4) 115.9(4) 
6e-4 124.8(4) 123.3(4) 127.0(4) 116.8(4) 
Mean 124.7 124.6 126.9 118.1 
S. D. 0.7 1.8 2.0 2.6 
Table 6.21 - Bond angles (°) in the salicylaldiminato portions of the pseudo-octahedral nickel(H) 
complexes. 
The free ligand and square planar complexes contain no sulfur donor atoms, so no 
comparison of the sulfur geometry can be made with the previously determined 
structures. The sulfur geometry will vary with the nature of C2S. 6e-2 and 6e-3 have 
an aromatic C2S and 6e-4 has an aliphatic C2S. All three structures have an aliphatic 
C2B. Literature values 22 quote S-C bonds in dialkyl thioethers to be 1.817(19) A 
and for an aryl group, S-C is 1.778(20) A and the values in Table 6.22 correspond 
well to these. 
Structure S2-C2S S2-C2B C2S-S2-C2B 
6e-2 1.778(8) 1.802(7) 100.8(3) 
6e-2 1.791(8) 1.814(7) 101.2(4) 
6e-3 1.780(5)  1.819(5) 103.7(2) 
6e-3 1.785(5)  1.818(6) 102.3(3) 
6e-4 1.811(5)  1.820(5) 103.9(3) 
6e-4 1.804(5)  1.810(5) 102.5(3) 
Mean 1.792 1.814 102.4 
S. D. 0.013 0.007 1.3 
Table 6.22 - Bond lengths (A) and angles in the thioether portions of the pseudo-octahedral 
nickel(II) complexes. C2S signifies the carbon atom bonded to the sulfur atom which is nearest the 
salicylaldimine group and C2B signifies that which is part of the bridging group. 
Metal donor set 
The only parameters to be considered here are the metal-donor bond lengths and the 
continuous symmetry measure of how octahedral each compound is (Table 6.23). All 
other parameters are considered with a greater (and hence more significant) sample 
set in Chapter 7. 
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Structure 01—Nil N2—Nil S2—Nil CSM 
6e-2 1.977(5) 2.047(6) 2.420(2) 0.0562 
6e-2 2.022(5) 2.047(6) 2.388(2) - 
6e-3 1.969(3) 2.039(4) 2.4084 (18) 0.0702 
6e-3 1.980(3) 2.049(4) 2.4038 (15) - 
6e-4 2.029(3) 2.038(4) 2.4692 (13) 0.0210 
6e-4 2.001(3) 2.020(4) 2.4649 (13) - 
Mean 1.996 2.040 2.426 0.049 
S. D. 0.025 0.011 0.034 0.025 
Table 6.23– Bond lengths (A) around the pseudo-octahedral nickel(H) centre of the complexes. A 
measure of the octahedral nature of the mckel(ll) cation is included. 
Table 6.23 shows elongation of the 01—Nil and N2—Nil bond lengths compared to 
the square planar complexes (1.847(9) A and 1.850(7) A respectively). This is 
expected from the change from low spin to high spin nickel(II), and also from an 
increase in coordination number. The S2—Nil distance can vary significantly 
depending on the nature of the thioether, hence the large standard deviation. Structure 
6e-4 has a slightly long value for this bond length with respect to the observed 
literature 22  value of 2.416(37) A. This structure, with an aliphatic C2S atom, is more 
octahedral than the other two and this signifies a more comfortable fit of the donor 
atoms around the nickel(H) cation. This could be useful from the ligand design 
perspective (Chapter 8). 
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6.7 Objectives of structural and modelling work 
The structural work in this Chapter has confirmed that both the M 2 cations and the 
sulfate dianions are associated with certain ligands in the solid state. Three different 
modes of sulfate binding have been identified, although two modes are only observed 
for the metals complexed in a square planar manner, and the third is observed only for 
pseudo-octahedral species. This work has also confirmed that for four-coordinate 
systems the complexation of the anion does not greatly alter the binding site for 
nickel(II). 
The structural work in this chapter has also directed the database work and molecular 
mechanics into the following areas: 
a) The octahedral ligand types forming neutral complexes are not truly 
encapsulating the anions in the method envisaged, nor are they proving 
very efficient at binding the metal ion. This leaves a few possible methods 
of improvement. If a similar 2:1 salen:metal arrangement and ratio is 
sought then the two options are: 
Keep the method of encapsulation the same and alter the ligand 
to allow the known donor set to form. This is explored in 
chapters 7 and 8. 
Alter the method of encapsulation of the sulfate. This is 
generally more complex and, as the metal donor set needs 
improvement, is probably the less-favourable option. 
If the 2:1 salen:metal ratio is not retained then many further possibilities 
present themselves. This possibility is not considered in this thesis. 
b) The existing square planar ligands, although successful, require 
improvement of the bottom end of the ligand, where the sulfate anion is 
still partially exposed to the hydrophobic solvent. This is studied in 
Chapter 8. 
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c) The sulfate donor groups in the octahedral nickel complexes need some 
study to determine why encapsulation is not taking place. This is 
considered in Chapters 7 and 8. 
In Chapter 7 we undertake a database study to allow parametensation of the Universal 
Force Field for these systems of interest. Chapter 8 recounts some attempts to model 
the known structures and design improved ligands for extraction of pseudo-octahedral 
high spin nickel(ll). 
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H. Miller, P. A. Tasker, University of Edinburgh, Unpublished results. 
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7.1 Introduction 
The force-field is the most important part of any molecular mechanics study 1 and it is 
essential that it is parameterised for the system under investigation. To enable 
parameterisation of the Universal Force Field  for the system of interest, a structural 
study using data mined from the Cambridge Structural Database  (C SD), in addition 
to using the locally characterised crystal structures (Chapter 6), was performed. 
As stated in section 6. 1, the aim of the molecular modelling described in this thesis is 
to facilitate the design of new solvent extractants. Molecular mechanics is suited to 
this sort of study as it enables the examination of a high number of different 
compounds in a short time, whilst other computational methods are not as suitable for 
this. Density Functional Theory (DFT) calculations have not yet been used on these 
structures, although they may be found to be useful as the project continues. 
The transition metal parameters in the UFF include one atom-type each for nickel and 
copper. The copper atom-type (Cu3+1) is designed for tetrahedral copper(I) and is of 
no use to this project. The nickel atom-type (Ni4+2) is a square planar nickel(H) 
cation and was parameterised 2 using the structure of bis(N-allylsalicylidineiminato) 
nickel(ll). Chapter 8 confirms the parameters to be suitable for this system. To 
model the systems in chapter 6, new atom-types are therefore required - square planar 
copper(1I) and octahedral nickel(ll). In addition to these, other atom-types were also 
required, and these are described in chapter 8. 
Little work has been published previously on molecular mechanics calculations on the 
salicylaldimine ligand, although such work as has been carried out on these 
industrially important ligands is likely to be confidential and unpublished. The paper 
that has been published is of a biological nature 4 . 
In this chapter the criteria for quality of distributions applied in chapter 4 will be used, 
these being based broadly on the observations of Martin and Orpen 5 ' 6 (Table 7.1). As 
in previous chapters, a list of CSD reference codes of the structures used for each 
distribution is given in Appendix A7 on the attached CD. 
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Category Bond length Standard Deviation (A) Bond angle Standard Deviation (°) 
Excellent <0.01 <1 
Good 0.01-0.02 1-2 
Satisfactory 0.02-0.03 2-3 
Poor > 0.03 > 3 
Table 7.1 - A summary of acceptable distributions used throughout this thesis. 
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7.2 Summary of observed structural parameters for 
salicylaldimine ligands 
As for chapter 4, a survey of the parameters will be given before going into any detail 
about the individual systems. 
The ligand bond lengths vary when bound to a metal. The N ... 0 non-bonded 
distance increases on coordination to nickel(ll), and is even larger in copper(H) 
systems, giving an increased "bite size" for the sterically larger  metal cations. The 
Ci—Ol bond length decreases on metal coordination whereas the C21—N2 bond 
increases slightly, due to resonant effects from the coordination of the N2 atom to the 
metal (see Figure 6.13 for the atom labelling scheme). The other salicylaldimino 
bond lengths remain largely unaffected, with no statistically significant differences 
observed. The donor—metal bond lengths are observed to be longer for copper(H) 
than nickel(II) in their square planar configurations. The N2—M1 bond length is 
shortened if the nitrogen atom is bridged to a third donor atom. 
Although individual salicylaldimines are ideally organised for metal coordination, the 
bridged free ligand structures with more than one donor set show little preorganisation 
for metal coordination. All structures with two salicylaldimine units ligated to a 
square planar metal with a 1 to 6 atom bridge between the two N2 atoms have a cis-
configuration of these two donor atoms. In other cases a trans- configuration is 
favoured. Structures with this bridge and ligated to square planar nickel(II) will 
always adopt a boat shape, while the unbridged structures will adopt a chair shape. 
The significance of these shapes is explained in section 7.4. 
Octahedral nickel thioether complexes show a broad distribution of Nil—S2 bond 
lengths. The Nil—S2—C2 bond angle is affected by the steric constraints of the 
ligand. 
Table 7.2 summarises the observed bonded and non-bonded distances. 
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Parameter Description Mean 
Standard
Deviation 
Ci-01, C1-Ol bond length inligand 1.348 0.013 
ligand  
Cl-01, C1-01 bond lengthin square planarmckel(ll) 1.310 0.013 
Ni sp complexes  
Ci-01, CI-01 bond length in square planar copper(H) 1.308 0.015 
Cusp complexes  
C1-01, C 1-01 bond length in octahedral nickel(II) 1.299 0.019 
Ni oct complexes  
C1-C2, Combined C1-C2 bond length 1.412 0.015 
overall  
C2-C21, Combined C2-C21 bond length 1.438 0.018 
overall  
C21-N2, C21-N2 bond length in ligand 1.282 0.011 
ligand  
C21-N2, C21-N2 bond length in square planar nickel(II) 1.294 0.013 
Ni sp complexes  
C21-N2, C21-N2 bond length in square planar copper(II) 1.288 0.013 
Cusp complexes  
C21-N2, C2 1-N2 bond length in octahedral nickel(H) 1.281 0.011 
Ni oct complexes  
N2-C22, Combined N2-C22 bond length for aromatic C22 1.423 0.017 
arom, overall  
N2-C22, Combined N2-C22 bond length for aliphatic C22 1.477 0.018 
aliph, overall  
01.. .N2, Oi . . .N2 non-bonded distance in ligand 2.580 0.041 
ligand  
01...N2, 01.. .N2 non-bonded distance in square planar 2.718 0.030 
Ni sp nickel(II) complexes  
01...N2, 01.. .N2 non-bonded distance in square planar 2.794 0.031 
Cusp copper(II) complexes  
01.. .N2, 01.. .N2 non-bonded distance in octahedral nickel(H) 2.847 0.040 
Ni oct complexes  
01-Nil, 01-Nil bond length in square planar nickel(II) 1.842 0.018 
sp complexes  
01-Cul, Ol-Cul bond length in square planar copper(II) 1.892 0.017 
sp complexes  
01-Nil, 01-Nil bond length in octahedral nickel(H) 2.016 0.029 
Oct complexes  
N2-Nil, N2-Nil bond length in bridged square planar 1.855 0.021 
sp, bridged nickel(II) complexes  
N2-Nil, N2-Nil bond length in unbndged square planar 1.916 0.013 
sp, unbridged nickel(H) complexes  
N2-Cul, N2-Cul bond length in bridged square planar 1.944 0.022 
sp, bridged copper(H) complexes  
N2-Cul, N2-Cul bond length inunbridged square planar 1.997 0.022 
sp, unbridged copper(H) complexes  
N2-Nil, N2-Nil bond length in octahedral nickel(H) 2.038 0.027 
Oct complexes  
S2-Nil, S2-Nil bond length in octahedral nickel(II) thioether 2.426 0.041 
Ni oct complexes  
52-C2, S2-C2 bond length in octahedral nickel(II) thioether 1.812 0.017 
Ni oct complexes  
S1S ... N62, S1S ... N62 non-bonded distance for tertiary amino, 3.63 0.12 
all group oriented towards a sulfate dianion I 
Table 7.2 - Observed distributions for the principal bond lengths m structures corresponaing to me 
system of interest. 
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7.3 Structural study of free salicylaldimine ligands 
This section is divided into two parts, the first dealing purely with the salicylaldimine 
fragment and the second examining those ligands with a bridge between two or more 
salicylaldimine groups. 
7.3.1 The salicylaldimine group 
A search for organic salicylaldimine molecules (Figure 
7.1) yielded 111 structures 8 with 140 fragments 
matching the standard criteria. Adding the three 
structures studied at Edinburgh which meet the standard 
requirements gives 114 structures with 150 fragments. A 
summary of the structural information of greatest 
interest - i.e. the geometry around the potential donor 
atoms - is shown in Table 7.3. 
C21 _Js 2 
C2/ 
cc (1,  
Figure 7.1 -The 
salicylaldimine fragment, 
showing the numbering scheme 
and the hydrogen bond in blue. 
C1—01 C1—C2 C2—C21 C21—N2 N2—C22 
Mean 1.348 1.405 1.452 1.282 1.437 
S. D. 0.013 0.012 0.015 0.011 0.027 
N1 .. (N,td) 150 (114) 150 (114) 150 (114) 150 (114) 150 (114) 
Min 1.294 1.371 1.405 1.262 1.374 
Max 1.375 1 	1.452 1 	1.484 1 	1.316 1 	1.490 
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The bond length distributions all have a standard deviation of less than 0.015, with the 
exception of the N2—C22 bond length, which is broad and distinctly bimodal (Figure 
7.2). The bimodality can be traced to the nature of C22. If the structures are divided 
into unsaturated and aliphatic carbons - i.e. whether three or four atoms are bonded to 
the carbon atom - then the distributions are seen to be much tighter with only the one 
peak in each (Figure 7.3, Tables 7.4 and 7.5). 
Figure 7.3 - Graphs to show the distribution of the N2—C22 bond distance for both aromatic (left) 
and aliphatic C22 atoms. Both graphs are shown on the same scale as Figure 7.3. 
Although an unsurprising result, this split of distributions underlines the need to use 
different atom-types in force-fields for atoms of the same element in different 
environments. Two atom-types were required to model C22 in the two different 
environments (the default types C_R and C_3 within the UFFI .022).  The other bond 
distance parameters are shown split depending upon the nature of C22 in Tables 7.4 
and 7.5. None of the other bond distances have a bimodal distribution or show a large 
standard deviation, nor do they change significantly when split into the two types for 
atom C22 (Tables 7.4 and 7.5). There is no evidence to suggest that more than one 
atom-type per atom will be needed to model the other atoms in the salicylaldimine 
group. The values observed within the three locally-determined structures match 
these distributions (section 6.4.3), with one structure (6a-3) containing an unsaturated 
C22 atom, and the others having an aliphatic C22 atom. 
The bond angles around the donor-ring (01 to N2) show small variations from 120° 
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atoms. The C2-C21-N2 and C21-N2--C22 distributions (Figure 7.4) are not 
bimodal and are all classified as good or satisfactory according to the quality criteria 
described in the introduction. This is in keeping with the mean values of 121.7(7)' 
and 119.0(1 1)° respectively (10 fragments) seen for the crystal structures studied at 
Edinburgh (section 6.3.1). 
Ci-Ol C1-C2 C2-C21 C21-N2 N2-C22 
Mean 1.345 1.405 1.445 1.290 1.413 
S. D. 0.015 0.013 0.013 0.011 0.012 
79(71) 79(71) 79(71) 79(71) 79(71) 
Min 1.294 1.371 1.405 1.263 1.374 
Max 1.375 1.436 1.475 1.316 1.434 
Table 7.4 - Bond distances (A) for all the crystal fragments with an aromatic C22 atom. NO 
significant difference is observed for any of the bond distributions except N2-C22 (c.f. Table 7.3). 
Ci-01 C1-C2 C2-C21 C21-N2 N2-C22 
Mean 1.351 1.406 1.459 1.278 1.462 
S. D. 0.008 0.011 0.012 0.010 0.011 
(NSd  71 (43) 71(43) 
- 
71(43) 71(43) 71(43) 
Min 1.327 1.375 1.432 1.262 1.432 
Max 1.365 1.452 1.484 1.311 1.490 
Table 7.5 - bond distances (A) for all the crystal tragments wun an anpnauc i...zz atom. NO signrncarn 
difference is observed for any of the bond distributions except N2-C22 (cf. Table 7.3). 
0 1-C1-C2 C1-C2-C2 1 C2-C21-N2 C21-N2-C22 
Mean 121.4 121.1 121.4 120.8 
S. D. 0.8 0.9 1.7 2.2 
Nf (N. 1) 150(114) 150(114) 150(114) 150(114) 
Min 118.4 118.7 116.1 116.8 
Max 124.2 123.9 124.5 127.1 







0 1 . 	. tUIlflhi 111111 II 	I 
110 112 114 116 118 122 122 124 126 128 130 
C21 -N2-c22(') 
Figure 7.4 - The distributions for the C2-C2 1-N2 (left) and C2 l-N2-C22 bond angles, showing 
broad spreads, but no bimodal character to the graphs. 
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There is no simple way to split the distributions of the two broader bond angle 
distributions shown in Figure 7.4. Splitting them according to the nature of the C22 
atom - as performed for the N2—C22 bond length distribution - gives the values in 
table 7.7. No improvement in the distributions is observed. Angle deformation 
energies are lower than bond deformation energies therefore the distributions are 
expected to be broader (section 1.3.1)1.  The same is true of bond torsion angles, with 
deformations expected to be far greater than is observed in the bond angles. 
Unsaturated C22 Aliphatic C22 
C2—C21—N2 (°) C21—N2--C22 (°) C2—C21—N2  (°) C21—N2---C22 (°) 
Mean 121.7 121.5 121.0 120.0 
S. D. 1.2 2.0 2.1 2.0 
N12 (N,) 79 (71) 79 (71) 71(43) 71(43) 
Min 116.8 117.8 116.1 116.8 
Max 123.7 127.1 1 	124.5 125.1 
Table 7.7 - Table showing Me eliect or spiitung inc UL---LL i—rz ana ...z JL—f4/—%_LZ wstriouuu'is 
based on the nature of atom C22. No significant improvement is observed for either case. 
The final parameters of interest within the salicylaldimine fragment are the non-
bonded distances - specifically the parameters affecting the intra-molecular 01—
Hi . . .N2 hydrogen bond (Table 7.8). This bond is formed in every structure studied 
where hydrogen atom positions have been determined, in spite of the occasional 
01.. .N2 (A) C1-01...N2 (°) 
Mean 2.580 87.3 
S. D. 0.041 0.7 
150(114) 150(114) 
Min 2.471 86.2 
Max 2.668 90.3 
presence of other hydrogen 
bond donors and acceptors, 
and it is obviously a very 
favourable arrangement for the 
Table 7.8 - The non-bonded parameters aliecting me mtra- atoms to adopt. None of the molecular hydrogen bond.  
parameters used involve the hydrogen atom itself as this is often restrained or 
constrained in structure refinement. The 01. . .N2 non-bonded distance has a very 
broad spread of values, but again is not bimodal and cannot be improved by breaking 
the distribution down into smaller groups. This broader spread is unsurprising, as the 
distance is not a directly bonded one. More unusual is the tight distribution around 
the C 1-01.. .N2 angle, which is probably directly attributable to the hydrogen 
bonding. 
7.3.2 Ligands with more than one salicylaldimine group 
Ligands with more than one salicylaldimine group attached are interesting to study for 
the degree of preorganisation for a square planar metal centre. 
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Including the 3 structures analysed locally, 32 free ligand structures 9 give a total of 45 
fragments containing a bridge to another salicylaldimine group. Of these fragments, 
43 are bridged through the salicylaldimine nitrogen, with the other two being bridged 
through the C6 atom. Six structures (6 fragments), including the two bridged through 
the C6 atoms, have too rigid a central group to enable both sets of donor atoms to bind 
the same metal ion, and two"', including the locally determined 6b-1, have three 
salicylaldimine groups bound by a bridgehead atom. 
The length of the N. N bridge varies from one to eight atoms. The parameter of 
most value in indicating whether the fragments are preorganised to coordinate a 
planar metal ion is the 0.. .N. . .N. ..0 non-bonded torsion angle. If the fragments are 
preorganised then this torsion angle will be close to 00,  varying up to 1800  for the 
least preorganised systems. Figure 7.5 shows the distribution of this torsion angle. 
No pattern is observed, and little correlation exists between this torsion angle and the 






ONNO Torsion angle (*) 
Figure 7.5 - The 0... N... N ... 0 non-bonded torsion shows little preorganisation for coordinating a 











0 	30 	60 	90 	120 	150 	180 
OM1O Torsion angle (*) 
Figure 7.6 - Although the two parameters are not completely independent, little correlation is observed 
between the 0. ..N. ..N.. .0 torsion angle and the N ... N distance. 
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7.4 Structural study of square planar nickel(H) 
salicylaldimine complexes 
Again this section is divided into two parts, the first including all salicylaldimine 
fragments bound to a square planar nickel, and the second for all structures with more 
than one salicylaldimine fragment bound. Note that for this second part the 
salicylaldimine does not necessarily have to be bridged, as will be discussed later in 
section 7.4.2. 
7.4.1 Square planar nickel(II) salicylaldimine fragments 
A search in the CSD for 4-coordinate nickel(1I) bound to a salicylaldimine ligand in 
the desired manner (Figure 7.7) reveals 99 structures" with 152 fragments. One 
structure (not included) has a tetrahedral arrangement of donor atoms due to the large 
C22 	
n stec hindrance of the attached groups 12 . The other 
structures are all square planar. With the five good 
C21 	N2 
6ClC2
quality structures determined locally (6c-1, 6c-3, 6c- 
 Nil 	
5, 6c-8 and 6c-lO), this gives a total of 104 structures 
with 162 fragments. 	The ligand parameters 
01 	
comparable to those in the free ligand are shown in 
 Tables 7.9 and 7.10. The N2—C22 bond distance is 
Figure 7.7 - The square-planar 	
once again bimodally distributed, the distance 
nickel(II) salicylaldimine, showing depending on the nature of the carbon atom. 













Mean 1.310 1.411 1.427 1.294 1.431 1.483 
S. D. 0.013 0.014 0.016 0.013 0.015 0.014 
N,..! 162 (104) 162 (104) 162 (104) 162 (104) 1 	42 (30) 120 (74) 
Min 1.284 1.375 1.373 1.261 1 1.379 1.442 
Max 1.359 1.450 1.479 1.349 1 	1.465 1.527 
Table 7.9 - Liganci bona ienglfl ciistrituuons, ror comparison wim me iree iiganu values. i ue IN h — 
C22 bond length is split into two groups depending on the nature of the C22 atom. 
01—Cl—C2 (°) C1—C2---C21 (°) C2—C21—N2 (°) C21—N2--C22 (°) 
Mean 123.7 121.2 125.6 118.5 
S. D. 1.1 1.3 1.5 2.8 
Nf,,1f (N, d) 162 (104) 162 (104) 162 (104) 162 (104) 
Min 119.8 117.7 120.6 111.5 
Max 126.3 125.8 129.3 130.0 
Table 7.10 - Ligand bond angle clistnbutlons, tor companson witn me ixee tiganu values. 
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line, can be of any length from ito 6 atoms 
long, and the donor X can be any element. 
C21 
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A shortening of the CI—Ol bond length with respect to the free ligand value of 
1.348(13) A (Table 7.3) is observed. A corresponding lengthening of the C21—N2 
and C22—N2 bond lengths is also seen. These three changes are produced through 
the resonance as the N2 atom coordinates the metal cation. An increase in the Cl-
C2 bond length and a decrease in the C2--C21 bond length might also be expected, 
but these differences are not statistically significant. An increase in the C2—C21-
N2 bond angle is observed, so as to accommodate a more idealised bond angle for the 
nickel(I1) cation. This corresponds to an increase in the N ... 0 non-bonded distance 
(Table 7.11). The other bond angles differ little from those in the free ligand, but a 
larger standard deviation is observed for the C21—N2--C22 bond angle (Table 7.13). 
A reason for this is suggested below. 
The bond lengths and angles around the metal atom are listed in Tables 7.11 and 7.12. 
01—Nil (A) N2—Nil (A) 0l ... N2 (A) 01—Nil—N2 (°) 
Mean 1.842 1.869 2.718 94.2 
S. D. 0.018 0.032 0.030 1.4 
Nr (N,,,.u ) 162 (104) 162 (104) 162 (104) 162(104) 
Min 1.796 1.800 2.649 91.2 
Max 1.910 1.941 2.834 99.6 
Table 7.11 - Table showing the bond length and angle ciistrrnutions arouna me mcKeiki I) cauon rut. 
Ci-01—Nil (°) C21—N2—Nil °) C22—N2---Nil °) 
Mean 127.6 125.7 115.6 
S. IL 1.6 1.7 3.5 
Nf (N.) 162 (104) 162 (104) 162 (104) 
Min 122.7 121.8 103.9 
Max 131.3 130.4 123.8 
Table 7.12 - Table showing the bond angle distributions delimng tile coorcunauon 01 me aonor atoms 
01 and N2 to the nickel(II) cation Nil. 
As mentioned previously, the 01 . . .N2 
non-bonded distance is increased with 
respect to that in the free ligand. A large 
standard deviation is observed for the 
N2—Nil bond length. This is related to 
differences between structures that have a 
short (1-6 atom) bridge from N2 to a 
third donor atom, X to the metal cation 
(Figure 7.8) and those with no bridge. 
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The additional chelate ring puts a steric restraint on the N2—Nil bond length, 
resulting in the observed bimodal character of the bond length. The large standard 
deviations observed for the C21—N2—C22 and C22—N2—Nil bond angles can also 
be explained by this feature (Tables 7.13 and 7.14). 
N2—Nil (A) 01...N2 (A) C21—N2----02 (°) C22—N2—Nil  (°) 
Mean 1.855 2.721 119.5 114.2 
S. D. 0.021 0.030 2.4 2.7 
125 (69) 125 (69) 125 (69) 125 (69) 
Min 1.800 2.649 111.5 103.9 
Max 1.930 2.834 130.0 123.8 
Table 7.13 - Table listing the parameters for structures that contain 1N2 m an athlitional ciieiate ring. 
N2—Nil (A) 01.. .N2 (A) C21—N2—C22 (°) C22—N2—Nil  (°) 
Mean 1.916 2.708 115.3 120.4 
S. D. 0.013 0.029 1.1 1.2 
Nf2 37 (30) 37 (30) 37 (30) 37 (30) 
Min 1.889 2.668 113.5 118.1 
Max 1.941 1 	2.826 118.3 123.6 
Table 7.14 - Table listing We parameters br structures that do not contain NZ m an aaaiuonai cneiate 
ring. 
7.4.2 Square planar nickel(II) structures bound to two 
salicylaldimine groups 
Of the 99 square planar nickel(H) salicylaldimine structures, 62 (giving 70 fragments) 
have 2 salicylaldimine groups" bound to the nickel. Of these, 33 structures (37 
fragments) have a bridge between the N2 nitrogen atoms, and 29 structures (33 
fragments) do not. Two structural features are observed - the N2 nitrogen atoms are 
either cis- or trans- with respect to each other (Figure 7.9), and the overall structure of 
the molecule can be described as either "boat" or "chair" (Figure 7.12). Four 
parameters are used to give information about these two variations in structure. The 
01.. .N2. . .N2. . .01 non-bonded torsion angle, the N2. . .N2 and 01.. .01 non-bonded 
distances all give information about the cis- or trans- nature of the two N2 atoms, and 
the non-bonded torsion between four centroids (Figure 7.11) gives the shape of the 
molecule. 
The bimodal distribution of the 01.. .N2. . .N2.. .01 is shown in Figure 7.10. This 
distribution is affected by the presence of a bridge between the N2 atoms. If the 
structures are split into those that have a short bridge (2, 3, 4 or 5 atoms) and those 
that either are not bridged, or have a long bridge, the distributions in Figure 7.11 are 
observed. Similarly, the N2. . .N2 and 01... 01 distributions are improved by this split 
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(Tables 7.15 and 7.16). The conclusion to be drawn is that the N2.. .N2 trans-
distribution is observed, unless this is sterically prevented by a short N2.. .N2 bridge, 






Figure 7.9 - The two possible forms of the structure depending on the orientation of the two N2 atoms 
with respect to each other. These structures can also be defined by bonded and non-bonded distances. 
The three chosen are the N ... N and 0...0 non-bonded distances, shown in red. and the O ... N...N ... 0 
non-bonded torsion. shown in green. For the cis-form. shorter N... N and 0.. .0 distances would be 
expected than for the trans-form. The 0... N... N ... 0 torsion would be expected to be close to 00  for 









OPIlO torsion angle (1 
Figure 7.10 - The bimodal distribution of the 01.. .N2. . .N2. .01 non-bonded torsion angle. This 




















ONNO torsion angle () 
	
ONNO torsion angle () 
Bridged structures 	 Unbndged structures 
Figure 7.11 - The 0. ..N... N . . .0 non-bonded torsion angle can be split into bridged and unbridged 
structures. The bridged structures have a low value of 0.. .N. . .N.. .0, meaning that the N2 nitrogen 
atoms are in a cis-conformation. 
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O1 ... N2 ... N2 ... O1 (°) N2 ... N2 °) O1 ... O1 
Mean 4.4 2.546 2.493 
S. D. 3.7 0.069 0.050 
37 (33) 37 (33) 37 (33) 
Min 1 	 0.0 1 	 2.460 1 	 2.3321 
Max 1 13.9 1 2.834 1 2.628 
Table 7.15 - The non-bonded parameters showing a cis-N2 . . . N2 onentation br all structures with a 
short N2. . . N2 bridge. 
O1 ... N2 ... N2 ... O1 N2 ... N2 (°) O1 ... O1 (°) 
Mean 178.7 3.831 3.655 
S. D. 5.5 0.028 0.015 
(N, d) 33 (29) 33 (29) 33 (29) 
Min 148.9 3.761 3.609 
Max 180 3.882 3.682 
Table 7.16 - The non-bonded parameters showing a trans-N2. . . N2 orientation for all structures with 
either a long bridge or no bridge between the N2 atoms. 
The nickel(H) complexes chelated by two salicylaldimine groups show two different 
orientations of the salicylaldimine ligand arms, termed "boat" and "chair", as shown 
schematically in Figure 7.12. Many structures also exhibit forms lying between these 
two extremes, and others are flat. The two extreme structures can be differentiated 
mathematically by Equations 7.1 and 7.2. 




"boat" form 	 "chair" form 
Figure 7.12 - Schematic representation of the two possible forms that can be described as "boat" or 
"chair". The planes of the salicylaldiinine ligands are shown in magenta with the NiN 202 plane shown 








Equation 7.1 Equation 7.2 
Figure 7.13 - The two different forms can be differentiated by Equations 7.1 and 7.2. 
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• 	 . • . • • • 	 S • S • S • 
	
• 	 S • 
• S 
• 	 S 
S • S • 	• 	NA 
Plane 
Figure 7.14 - A schematic of the boat structural type, defining all the values used to define j  in tenns 
of x, y and z. 
Plane S is defined by atoms 01, CI, C2, C21 and N2 in a salicylaldimine group, with 
S' being defined by the same atoms in the second salicyaldimine group in the 
complex. The centroids of these same groups of five atoms are points A and A'. M is 
the metal atom in the complex. Distances x and x' are thus defined by the length of a 
normal to point M from planes S and S' respectively. Assuming idealised square 
planar geometry around point M, plane D would be defined by the metal atom and the 
N202 donor set. However, angles 8, 4) and  4) and distance AM are very susceptible to 
very slight variations in the orientation of all three planes. In particular, if the planes 
are not perpendicular to the plane of the paper as drawn in Figure 7.14, large errors 
are introduced. Thus angles 4) and  4)' are defined in terms of x, x', y and z (Equation 
7.3). Both y and z are observed to be constant for a particular system, and x and x' 
are easily measured. Angle 0 is defined by a torsion angle that varies in definition 
depending on whether the two N2 atoms are cis- or trans- with respect to the metal 
cation (Figure 7.15). The torsion angle is assumed to always be positive. 
From the sine rule 
sin 0 
= z sin (180— x) 
AM 
AM='X2+(z+y2_x2) 	and 	sin(18O—)=sin z = -X 
Y 
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cis-N ... N form 
/ /o N  
trans-N. ..N form 
Figure 7.15 - The definition of torsion angle 9 varies depending on whether the two N2 atoms are in 
the cis- or trans-coordination mode. The cis-mode requires the definition of two centroids, one 
between the two N2 atoms and the second between the two 01 atoms. 9 is thus defined as the modulus 
of the torsion angle A... N 2 centroid . . .02 centroid . .. A'. The trans-mode requires the definition of two 
centroids between the N2 and 01 atoms on different salicvaldirnine fragments. 0 is thus defined as the 
modulus of the torsion angle A... N0'centroid.. . N'Ocentroid . .. A% where the two centroids are 
differentiated by the "priming" of the donor atoms of the primed salicylaldimine ligand (Figure 7.14). 
Assuming idealised square planar geometry (i.e. all donor—metal--donor angles are 
900), 2y (Figure 7.14) can be calculated to be the inter-fragment N ... 0 distance in the 
trans-N. . . N form, and half the sum of the inter-fragment N.. . N and 0. . .0 distances 
in the cis-N. . .N form. Additionally it has already been shown that the cis-N. . .N form 
consists entirely of bridged structures and the trans-form of unbridged structures. 
Thus for the trans-form, 	Ni-0 bond length is 1.842(18) A. 
Ni—N bond length is 1.916 (13) A. 
Therefore 	y=%V(l.8422 +1.9162)=1.33  A 
For the cis-form 	 Ni—O bond length is 1.842(18) A. 
Ni—O bond length is 1.855(2 1) A. 
Therefore 	y= 3i (V2 x 1 . 842 2 + /2 x 1 . 855 2 ) =  1.31 A 
y = 1.32 A for square planar nickel systems. 
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The value of z can be calculated to be the mean value of the distance between the 
centroid A and the centroid of N2 and 01 in the same salicylaldimine fragment, 
giving a value of z = 0.917(5) A. 
Substituting these values into Equation 7.3 gives the equation of 4) for nickel 
(Equation 7.4). 
sin ' I 	0.917x _ 	Equation 7.4 
L 1.32 x[WT+O.917 +1.322 _x2JJ 
From Equations 7.1 and 7.2, it is observed that if we plot a graph of (0 + 4) + 4)') 
versus (8 + 4) - 4)') where  4)' 4), then all structures which obey these equations must 
have a value of 180° for at least one of the axes (Figure 7.16). If a structure does not 
obey one of the two equations 7.1 and 7.2, then the MN202 geometry must be 
significantly distorted from square planar. The majority of structures are observed to 









155 	160 	165 	170 	175 	180 	185 	190 	195 
theta+phi+phi' 
Figure 7.16— A plot of (0 ± 4)- 4)) versus ( + 4) + 4'), where  4 :s:  4). The red line represents points 
exactly matching Equation 7.1 and the blue line represents points exactly matching Equation 1.2. 
Structures with cis-N2 atoms are shown in red and structures with grans-N2 atoms are shown in blue. 
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All structures lying along the red line exactly satisfy Equation 7. 1, so 0 + 4) + 4)' = 
1800 and the structures can be described as "boat", whereas those lying along the blue 
line exactly satisfy Equation 7.2, so 0 +4) - 4)' = 1800  and the structures are described 
as chair. The green line satisfies the Equation 7.5. 
Equation 7.5 
This means that the green line represents a theoretical maximum for any point on the 
graph and represents the point at which 4)'= 00. Any structure lying exactly on this 
line cannot be described either as chair or boat, as one salicylaldimine plane lies 
exactly parallel to the plane of the donor atoms. These structures are most simply 
described as having one plane "up", if the values of the equations are significantly 
different from 1800.  Any structure with 0 +4) + ' = 0 + 4) - 4)' = 180° can essentially 
be described as flat (represented in Figure 7.16 by a black square). The structures 
with cis-N2 geometry are shown as red points, and those with trans-N2 geometry are 
shown as blue points. 
All the structures with trans-N2 geometry are observed to be flat or chair forms, with 
the exception of three sterically hindered fragments, which have the up conformation. 
Two of the fragments are from the same structure (CSD reference code TMNSNT' 6), 
which has a long bridge of fourteen atoms between the trans-N2 groups. The second 
structure (CSD reference code ZAXI)1L 17) has a sterically bulky t-butyl group bonded 
directly to atom C6. This group interacts with the ethyl group attached to atom N2, 
forcing the structure away from the chair form. 
The majority of the structures with cis-N2 geometry are observed to be in the flat, up 
or boat forms. Four fragments are observed to have the chair form. Of these four, 
two are structures with a three atom bridge (CSD reference codes LEPCEO' 8 and 
DEPKUE'9), which introduces significant strain into the system. The only other 
structure with a three atom bridge (CSD reference code BEJSE0 20) has a large 
deviation from planarity, but in the boat form. The other two structures (CSD 
reference codes ENPCUB 1021  and HEHROB 22) both appear by eye to be flat, but 
have the N202 plane slightly distorted from square planar. The overall trend is for 
structures with cis-N2 geometry to be slightly "boat", and structures with trans-N2 
geometry to be slightly "chair". 
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7.5 Structural study of square planar copper(II) 
salicylaldimine complexes 
This section is structured as for section 7.3 with two parts, the first including all 
salicylaldimine fragments bound to a square planar copper, and the second for all 
structures with more than one salicylaldimine fragment bound. Note that the 
salicylaldimine group does not necessarily have to be bridged. 
7.5.1 Square planar copper(II) salicylaldimine fragments 
A search in the CSD for 4-coordinate copper(H) bound to a salicylaldimine ligand 
C22
(Figure 7.17) reveals 155 structures"with 252 
I fragments. Two structures determined locally meet 
the standard requirements (6c-4 and 6c-9), giving a 
total of 157 structures with 256 fragments. The 
ligand parameters comparable to those in the free 
ligand and the values observed in nickel-coordinated 
species are shown in Tables 7.17 and 7.18. The 
N2—C22 bond distance is bimodally distributed, 
depending on the nature of carbon atom C22. 
Figure 7.17 - The copper(II) 
salicylaldimine, showing the 
numbering scheme in blue. 







Mean 1.308 1.416 1.435 1.288 1.430 1.480 
S. D. 0.015 0.016 0.015 0.013 0.017 0.019 
Nf! (N.) 252 (155) 252 (155) 252 (155) 252 (155) 69(39) 183 (118) 
Min 1.236 1.363 1.394 1.238 1.375 1.446 
Max 1.362 1.481 1.483 1.331 1.475 1.574 
Table 7.17- Ltgand bond length distnbutioflS (A). tor comparison wim me iree Ilganu values. inc 
N2—C22 bond length is split into two groups depending on the nature of the C22 atom. Two 
structures contain both an aromatic and an aliphatic C22 atom. 
Bridged Unbndged 
01—C1—C2 
C1—C2— C2—C21— C21—N2— C21—N2— 
C21 N2 C22 C22 
Mean 123.9 122.8 126.0 119.7 116.7 
S. D. 1.2 1.2 1.8 2.9 1.9 
(NSd) 252 (155) 252 (155) 252 (155) 165 (94) 87 (61) 
Min 119.9 117.9 119.8 109.2 112.5 
Max 127.7 126.5 129.7 125.9 122.7 
Fable 7.11 - Liganci nonu angle custnouuons tPq. ior compansun wjui ule um 1iguiu vaiuc. ink;  
C21—N2--C22 bond angle distribution is split into two groups based on whether N2 is part of an 
additional chelate ring, as seen for the square planar nickel(II) species. 
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The ligand bond lengths and angles for the salicylaldimine species chelating 
copper(H) show similar trends to those observed for nickel(II) (Tables 7.8 and 7.9). 
Tables 7.19 and 7.20 list the observed bond lengths and angles around the metal and 
donor atoms. 
01—Cul 






O1 ... N2 
01—Cu!- 
N2 
Mean 1.892 1.944 1.997 2.794 92.9 
S. D. 0.017 0.022 0.022 0.031 1.7 
N12 (N.) 252 (155) 1 	165 (94) 87 (61) 1 	252 (155) L  252 (155) 
Min 1.805 1 1.833 1.947 2.688 1 	87.4 
Max 1.948 1 	2.000 2.051 2.873 1 97.2 
Table 7.19 -Table showing the bona iengtn (A) ana angle () wsmouuons arounci me copperu 
cation Ciii. The N2—Cul bond length distribution is split into two groups based on whether the N2 






Mean 127.6 124.5 115.0 119.7 
S. D. 2.1 1.8 3.8 2.3 
Nf 252 (155) 252 (155) 165 (94) 87 (61) 
Min 114.8 1 	119.8 1.833 112.5 
Max 133.3 1 129.2 2.000 125.2 
Table 7.20 -Table showing the boncl angle alstnDutions () cienning me coorainauon oi me cionor 
atoms 01 and N2 to the nickel(II) cation Nil. The C22—N2--Cul bond angle distribution is split into 
two groups based on whether the N2 atom is bridged to another donor atom. 
The 01.. .N2 non-bonded distance has increased with respect to both the free ligand 
and the square planar nickel(II) species so as to accommodate the larger 7 copper(II) 
cation. The 01—Ml and N2—M1 values are correspondingly larger for M = Cu than 
for M = Ni (1.842(18) A for 01—Nil, 1.855(21) A in N2.. .N2 chelates and 
1.916(20) A for non-N2...N2 chelates, Table 7.11). The 01—Cul—N2 angle is 
similar to the 01—Nil—N2 bond angle of 94.2(14)0. 
7.5.2 Square planar copper(II) structures bound to two 
salicylaldimine groups 
A similar pattern is observed for the square planar copper(H) structures ligated by two 
salicylaldimine groups to that for square planar nickel(H) species. 96 structures 24 give 
110 fragments, of which 38 structures (45 fragments) having an N2.. .N2 bridge and 
58 structures (65 fragments) do not. Bridged structures have a cis-N. . .N arrangement 
and the majority of unbridged structures have a frans-N . .. N arrangement (Tables 7.21 
and 7.22). 
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O1 ... N2 ... N2...O1 (°) N2 ... N2 (A) O1 ... O1 (A) 
Mean 15 2.72 2.64 
S. D. 13 0.17 0.07 
Nf2 45 (38) 45 (38) 45 (38) 
min 0.0 2.55 2.45 
Max 42.7 3.08 2.86 
Table 7.21 - The non-bonded parameters snowing tile ClS-N2. .. INL onernauon ior au sirucurs wiul 4 
short N2. . .N2 bridge. All values for the torsion angle are assumed to be positive. 
O1 ... N2 ... N2 ... O1 (°) N2 ... N2 (A) O1 ... O1 (A) 
Mean 165 3.96 2.73 
S. D. 28 0.15 0.15 
Nf 	(N,) 65 (58) 65 (58) 65 (58) 
NUn 35 2.99 2.65 
Max 180 4.09 3.84 
Table 7.22 - The non-bonded parameters snowing a irans-r.iz .. . NZ onernauuu 101 411 bUU;.LULrb WIW 
either a long bridge or no bridge between the N2 atoms. All values for the torsion angle are assumed to 
be positive. 
One of the unbridged complexes (CSD reference code YIDDUK 25) adopts a cis-N2 
configuration, explaining the large range observed for the parameters in Table 7.22. 
This configuration is favoured by t-ic interactions between the two phenyl groups 
attached to the N2 atoms. Apart from this it is again observed that generally bridged 
ligands form cis-N2 complexes and unbridged ligands form trans-N2 complexes. 
A number of conformers are again observed for the complexes, varying from chair to 
boat forms (Figure 7.12). If the structure is assumed to have ideal square-planar 
geometry, the same logic can be applied to the copper(H) systems as the nickel(III) 
systems, with Equation 7.3 holding true. 
Thus for the trans-form, 	Cu--O bond length is 1.892(17) A. 
Cu-N bond length is 1.944(22) A. 
	
Therefore 	y=%J(1.89_22+19442 = 1.36 A 
For the cis-form 	 Cu-O bond length is 1.892(17) A. 
Cu-N bond length is 1.997(22) A. 
Therefore 	y = )/4 (J2 x 1 . 892 2 +J2x1.9972)= 1.38 A 
y = 1.37 A for square planar copper(I1) systems. 
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The value of z can again be calculated to be the mean value of the distance between 
the centroid A and the centroid of N2 and Olin the same salicylaldimine fragment, 
giving a value of z = 0.910(5) A. Substituting these values into Equation 7.3 gives 
Equation 7.6 for copper(II) complexes. Figure 7.19 shows a plot of (ê + 4) + 4)') 
versus ( + 4) - 4)'), where  4)' :5 4). 
0.910x 
0 = sin 
[ 	
Equation 7.6 










175 	180 	185 	190 	195 	200 	205 
theta+phi+phr 
Figure 7.19 - A plot of (0 + 4)- 4) versus (0 + 4) + 4). where  4 :~ 4). The red line represents points 
exactly matching Equation 7.1 and the blue line represents points exactly matching Equation 7.2. 
Structures with cis-N2 atoms are shown in red and structures with trans-N2 atoms are shown in blue. 
Almost all of the copper(II) complexes are observed to adopt either a flat or a chair 
configuration as they satisfy the equation ( + 4) - 4)') = 1800,  where This is 
significantly different from the square planar nickel(II) case. The unbridged 
structures are observed to be generally in steeper chair configurations than their 
bridged counterparts, with on average greater values of (0 + 4) + 4)'). 
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Of particular interest is the effect that the distance between the donor atoms has on the 
structure of the complex. Table 7.23 shows a comparison of the donor. . . donor non-
bonded distances in both the cis- and trans-N2 copper(][[) and nickel(H) complexes. 
These distances are calculated using the mean metal—donor bond lengths observed in 
the CSD and quoted earlier in this chapter, and assuming idealised square planar 
geometry. These calculated distances are compared to their proportion of the sum of 
the van der Waals radii of the two donor atoms, with the default values in CERIUS2 26 
of 1.55 A for nitrogen and 1.52 A for oxygen being used. 
Parameter 
Nick (H) Cop 	011) 
Distance (A) I 	x EvdW Distance (A) I x ZvdW 
trans, N2 ... O1 2.66 0.87 2.76 I 0.90 
cis, N2 ... N2 2.62 I 0.85 2.75 I 	0.89 
cis, O1 ... O1 2.60 I 	0.86 2.68 I 0.88 
Table 7.23 - Non-bonded lengths (in Angstroms) comparea to me values quotea in terms 01 inc sum or 
the van der Waals radii, for both nickel(H) and copper(II). 
Calculating the close contacts using a Lennard-Jones 6-12 potential 27, as described in 
Chapter 1, gives a value of 0.891 x EvdW as a close contact. It is observed that both 
nickel(II) and copper(II) show greater separation of the donor atoms for the trans-N2 
form than for the cis-N2 form. Thus for the unbridged and therefore less sterically 
constrained structures, the trans-N2 form is preferred. 
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7.6 Structural 	study 	of 	octahedral 	nickel(II) 
salicylaldimine complexes 
Analysis of octahedral nickel(II) complexes is significantly more complex than either 
of the square planar analogues because of the greater number of potential isomers. 
The variation in possible conformations is large and of importance to any attempt at 
ligand design (section 6.1.3). There are also many fewer structures of octahedral 
nickel(II) complexed to salicylaldimine groups in the Cambridge Structural 
Database', and so less structural information is available. A theme noted in the 
locally determined structures is that the crystals are particularly difficult to grow, and 
those which have been grown are often of quite poor quality (structures 6d-1, 6e1 to 
6e-4 and 6f-1 in chapter 6). None of these structures match the standard requirements 
for inclusion in the statistical analysis. 
It is also important for the comprehension and modelling of these systems to study the 
interactions of octahedral nickel(II) with ligands such as thioethers, ethers and tertiary 
amines, which might be used in the additional two coordination positions. 






Figure 7.20 - The octahedral 
nickel(I1) salic laldimine. showing 
the numbering scheme in blue. 
A search for octahedral nickel(II) salicylaldimine 
fragments (Figure 7.20) reveals only 20 structures 28 
with 35 fragments meeting the standard criteria 
(section 7.1). Although not a large set, these 
structures give sufficient structural information to 
enable parameterisation of the force-field for 
octahedral nickel(II) with salicylaldimines. The 
ligand bond lengths are shown in Table 7.24. 
CI-01 (A) C1—C2 (A) C2—C21 (A) C21—N2 (A) N2—C22 (A) 
Mean 1.299 1.424 1.452 1.281 1.470 
S. D. 0.019 0.011 0.017 0.011 0.021 
(N d) 35 (20) 35 (20) 35 (20) 35 (20) 35 (20) 
Min 1237 1.393 1.424 1.255 1.415 
Max 1.337 1.448 1.485 1.310 1.508 
Table 7.24 - Ligand bond length distributions, tOr comparison with the tree ligand values, me Ni- 
C22 bond length can split into two groups depending on the nature of the C22 atom (Table 7.26). 
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The N2-C22 bond length distribution is once again bimodally distributed, the 
distribution depending on the nature of the carbon atom (Table 7.26). However, only 
two structures (3 fragments) have an aromatic C22 atom. Of interest also is the larger 
standard deviation on the C2-C21 bond distance (Table 7.24). This is affected by 
three structures that have a further bulky organic group bonded to C21, and the 
standard deviation of the results is much improved if these are removed (Table 7.27). 
Although none of the angles has a particularly large standard deviation, the C2-
C21-N2 bond angle can be split in the same manner as seen for square planar 
nickel(H) and copper(ll), to give improved distributions (Table 7.27). The C21-
N2-C22 angle is again unaffected by the nature of atom C22. 
01-C1-C2 C1-C2--C21 C2-C21-N2 C21-N2-C22 
Mean 124.1 123.5 125.4 118.4 
S. D. 0.8 1.2 1.9 2.0 
Nf 35 (20) 35 (20) 35 (20) 35 (20) 
min 122.8 121.0 120.5 115.3 
Max 125.8 125.2 127.6 122.7 
Table 7.25 - Ligand bond angle ('.') distributions, tor comparison win me tree ugana values. 
Aromatic 
N2-C22 
















____ 1.475 ____ 1.448 1.473 123.7 122.9 
S. D. 0.005 0.015 0.015 0.008 1.2 1.0 
Nf 3(2) 32(18) 29(17) 6(3) 29(17) 6(3) 
Min 1.415 1.453 1.424 1.460 121.0 121.6 
Max 1.424 1.508 1.485 1.484 125.2 124.0 
Table 7.26 - Table showing the ettect 01 the nature 01 atom U22, anci me enect oi me suosument 
bound to atom C2 1. 
01-Nil N2-Nil 01.. .N2 01-Nil-N2 
Mean 2.016 2.038 2.847 89.3 
S. D. 0.029 0.027 0.040 2.4 
N 35 (20) 35 (20) 35 (20) 35 (20) 
Min 1.978 1.989 2.751 83.8 
Max 2.115 2.076 2.912 93.0 
Table 7.27 - Table showing the bond length (A) and angle (") aistrioutions aroma me mcKeun) cation 
Nil for octahedral nickel(II) salicylaldimine fragments. 
C1-01----Nil C21-N2-Nil C22-N2-Nil 
Mean 124.6 124.9 116.4 
S. D. 3.4 1.7 3.0 
N1 35 (20) 35 (20) 35 (20) 
Min 112.1 121.3 109.0 
Max 128.9 128.5 121.0 - 
Table 7.28 - Table showing the Dona angie aismouuons ) aenning me cooruuiauon UI uic uunui 
atoms 01 and N2 to the nickel(II) cation Nil. 
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The bond lengths and angles around the central octahedral nickel(H) atom and the 
salicylaldimine donor atoms are shown in Tables 7.27 and 7.28. Only one structure 
has an unbridged N2 atom (CSD reference code VOPHOXIO 29), so the N2—Nil 
bond length cannot be split into bridged and unbridged structures, as for the square 
planar species. It is therefore not possible to determine whether the distribution 
would ordinarily show bimodal character. However, all the structures of interest are 
bridged, so this is something of a moot point with regard to this molecular modelling 
project. 
7.6.2 Octahedral nickel(II) thioether fragments 
C2' 	 C2B 
S2 
Ii Nil 
Figure 7.21 - An octahedral 
nickel(II) thioether fragment. The 
numbering scheme is shown in 
blue. 
As some of the octahedral ligands prepared in 
Edinburgh contain thioether donors, it is important 
to understand the nature of the R 2 S—Ni interaction. 
A significantly greater number of fragments 
containing an octahedral nickel(II) thioether 
fragment, compared to the number of structures in 
sections 7.5.1 and 7.5.2, are available in the CSD 3 . 
A search in the CSD for this fragment (Figure 7.21) 
yields 140 structures 30  and 331 crystallographically independent fragments. Table 
7.29 shows the bond lengths and angles observed within this fragment. 
Nil—S2 S2—C2X Nil—S2—C2X C2A—S2—C2B 
Mean 2.426 1.812 102.0 102.4 
S. D. 0.041 0.017 6.0 2.2 
Nf1 331 (140) 662 (140) 662 (140) 331 (140) 
Min 2.313 1,737 90.1 95.0 
Max 2.580 1.877 123.9 112.6 
Table 7.29 - The principal bond lengths (A) and angles (') in the octahedral mckel(11) thioether 
fragment, where X = A or B. 
The observed value of the Nil—S2 distance is broad, but is comparable with the 
previously reported value of Orpen et al. 11,12,  of 2.416(37) A. The thioether S2—C2X 
bond has a good distribution without splitting into groups of aromatic and aliphatic 
carbons. The C2A—S2--C2B bond angle distribution is also satisfactory, with 
reference to the criteria defined in section 7.1. The Ni—S2--C bond angle is not 
bimodally distributed, but is a combination of 4 distributions with a very large spread 
of values (Figure 7.22). This distribution is affected by whether the carbon atom is 
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Figure 7.23 - An octahedral nickel(1I) 
ether fragment. The numbering 
scheme is shown in blue. 
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bridging to a second row donor atom (i.e. nitrogen or oxygen) to make a five 
membered chelate ring, whether it is bridging in any other mode, or if the carbon does 










90 	95 	100 105 110 115 120 	125 
NISC bond angle (0) 
Figure 7.22 - The distribution of the undivided Ni—S--C bond angle. 
Nil—S2--C2, 
5-ring to N or 0 
donor(') 
Nil—S2--C2, 
5-ring, to other 
donor (°)  
Nil—S2--C2, 
other ring (°) 
Nil—S2—U, 
no ring (°) 
Mean 96.1 101.7 107.8 111.6 
S. D. 2.3 2.0 4.6 3.3 
Nf 223 (99) 250 (76) 145 (42) 61(31) 
Min 90.1 97.0 95.5 103.9 
Max 105.9 106.0 118.0 123.9 
Table 7.30 - Showing the distribution 01 the cliviOe(1 N1—S---&. oona angie aria uepenaency on 
whether the S sonor is present in a chelate ring. 17 fragments contain more than one way of defining 
the fragment. No attempt has been made to classify these. 108 structures contain two different 
fragment types. 
7.6.3 Octahedral nickel(II) ether fragments 
As ether groups were also amongst those 
considered as donors for the Edinburgh octahedral 
ligands, knowledge of their complexes with 
octahedral nickel(II) is of interest. Ethers are 
generally regarded as being a poor ligand, except 
in the case of crown ethers, where metal 
complexes are favoured by the association of a 
large anion with the cation 7 . A search in the CSD 
gives 40 hits 33  (66 fragments) for octahedral nickel 
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complexed by an ether group (Figure 7.23). The bond lengths and angles around the 
ether group are given in Table 7.31. 
Nil-02 02-C2X Nil-02--C2X C2A-02-C2B 
Mean 2.128 1.427 118.0 114.1 
S. D. 0.059 0.035 7.9 4.4 
N 2 (N,) 63 (40) 126 (40) 126 (40) 63 (40) 
Min 2.034 1.348 49.0 105.5 
Max 2.271 1 	1.528 148.7 122.0 
Table 7.31 -The prmcipal Dona iengws (A) ana angles in me ocLaileuiw iucicctn utvt JidULct1L, 
where X = A or B. 
Broad distributions with large standard deviations are observed around all the bond 
lengths and angles. Some of these can be improved by splitting the structures into 
three groups based on the nature of C2A and C2B, the two ether carbon atoms (Tables 
7.32, 7.33 and 7.34). 
Nil-02 02-C2X Nil-02-M C2A-02-C213 
Mean 2.130 1.386 126.2 107.4 
S. D. 0.005 0.008 0.6 0.9 
Nfr,(Nstrud) 4(3) 8(3) 8(3) 4(3) 
Min 2.123 1.372 125.3 106.2 
Max 2.133 - 	 1.394 126.9 108.1 
Table 7.32 - 'Me principal bond iengms (A) ana angies () m me ocianeurat mcxeiii) culul ii1g1uwiL, 















Mean 2.145 1.391 1.451 119.1 113.8 116.8 
S. D. 0.058 0.022 0.032 4.1 7.6 3.2 
Nf1. 32 (18) 32 (18) 32 (18) 32 (18) 32 (18) 32 (18) 
Min 2.042 1.348 1.364 109.5 104.8 108.0 
Max 2.271 1.467 1.528 125.4 130.1 122.0 
Table 7.33 -The principal bona iengtns ana angles in me ocianeurat mcieuui cuir uaLI1Iu., .....Lti i 
an aromatic carbon atom and C213 is an aliphatic carbon atom. 
Nil-02 (A) 02-C2X (A) Nil-02---C2X (°) C2A-02--C2B (°) 
Mean 2.107 1.441 118.6 112.0 
S. D. 0.059 0.017 9.0 3.5 
27(19) 54(19) 54(19) 27(19) 
TMn 2.034 1.380 99.7 105.5 
Max 2.260 1.487 148.7 117.0 
Table 7.34 -The principal bona iengms and angies in me ocianewui Inc1cCut1) eww ilaglitcilL, WLLI 
X = A or B and both C2A and C2B are aliphatic carbon atoms. 
The expected improvements to the 02-C2X length are observed with this splitting. 
Additionally slight improvements are also made to the C2A-02-C2B angle 
distribution are also observed. For the parameters involving the octahedral nickel(H) 
large standard deviations remain and the significance of the shorter bonds to dialkyl 
ethers cannot be stated with confidence. This is in line with previously performed 
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literature work31 ' 32 . These parameters are found to be highly dependent on the nature 
of the other nickel(II) ligands. 
7.6.4 Octahedral nickel(II) tertiary amine fragments 
C2h1 	 C2A 
- Nil 
Figure 7.24 — An octahedral nickel(II) 
tertiary amine fragment. The numbering 
scheme is shown in blue. 
Tertiary amines are used as part of the ligand 
design process in Chapter 8. A search in the 
CSD gives 337 hits34 (648 fragments) for 
octahedral nickel complexed by a tertiary 
amino group (Figure 7.24). The bond lengths 
and angles around the amino group are given 
in Table 7.35. 
Nil—N2A N2A—C2X I Nil—MA—M C2X—N2A----C2X 
Mean 2.135 1.485 	], 108.7 110.2 
S. D. 0.058 0.021 4.6 2.8 
Nf N) 648 (337) 1944 (337) 1944 (337) 1944 (337) 
Min 1.912 1.284 91.8 59.6 
Max 2.362 1.582 129.6 131.6 
Table 7.35 - The principal bond lengths (A) and angles (") in the octahedral mckel(ll) ternary amine 
fragment. where X = A. B or C. 
Two different types of tertiary amine, based on the nature of carbon atoms C2X, were 
observed coordinating octahedral nickel(II). The amine either had one aromatic 
carbon and two aliphatic carbons bound (8 structures), or three aliphatic carbons (329 
structures). The results of splitting the distribution is shown in Tables 7.36 and 7.37. 
The C2X—N2A--C2X showed an acceptable distribution and thus was not split. 
Once again little improvement is observed for the parameters involving octahedral 
nickel(II), as seen in the literature 31 ' 32 . Tertiary amines can also be said to be highly 









Mean 2.211 1.460 1.494 113.8 104.8 
S.D. 0.083 0.012 0.010 5.7 3.7 
17(8) 17(8) 34(8) 17(8) 34(8) 
Min 2.065 1.424 1.477 104.2 99.7 
Max 2.315 1.474 1.512 123.5 112.2 
Table 7.36 - The principal bond lengths (A) and angles (s')  in the octahedral mckel(H) tertiary amine 
fragment, where X = A, B or C, for structures with one carbon aromatic and the other two aliphatic. 
-214- 
Chapter 7– CSD study of metal-complexed salicylaldimines as extractants for metal salt 
Nil—N2A N2A—C2X Nil—N2A—C2X 
Mean 2.133 1.485 108.7 
S. D. 0.056 0.021 4.5 
N1 631(329) 1893 (329) 1893 (329) 
Mm 1 	 1.912 1 	 1.284 1 	 91.8 
Max 1 2.362 1 1.582 1 129.6 
Table 7.37– The principal bond lengths (A) and angles (°) in the octahedral nickel(H) tertiary amine 
fragment, where X = A, B or C, for structures with three aliphatic carbon atoms. 
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7.7 A CSD study of the requirements of the anion—binding 
cavity 
7.7.1 Sulfate position within the cavity 
The ideal anion-binding cavity for sulfate is 




11 	C  H 
	 orientation of the H-bonds with respect to the 
Si S.'."110 	 sulfate dianion. 	A study of the CSD can 
0 
provide the information to help design a cavity 
Figure 7.25 - The search fragment for 
the non-bonded distances and angles 	which is optimised with respect to these 
defining the anion binding cavity. The 
numbering scheme is shown in blue. 	features. Six structures of the type defined in 
The two N62 ... SlSnon-bonded 
distances are shown in red and the N... N Figure 7.25 with two C 3W—H groups oriented 
distance is shown in magenta. 	towards the sulfate dianion exist within the 
database. One of these is structure 6c-3, described in chapter 6. Three other locally 
determined crystal structures hydrogen bond to the sulfate (6c-4, 6c-6 and 6e-2, also 
described in chapter 6) and can also be included in the analysis. No filters were 
applied to these data. To determine the position of the central sulfur atom with 
respect to the N62 nitrogen atoms the two N62... SIS non-bonded distances were 
calculated, together with the N62. . . N62 non-bonded distance and the 
N62... S1S ... N62 non-bonded angle (Table 7.38). 
N62. ..S1S (1) (A) N62 ... S1S (2) (A) N62 ... N62 (A) 
N62 ... S1S ... N62 
CIMNAN35 3.734 3.734 7.273 153.7 
MAYWIS36 3.662 3.931 7.541 166.6 
SEBCEH3' 3.668 3.687 7.084 168.3 
YAWHU2 38 3.533 3.533 6.732 144.7 
ZZZNK10139 3.529 3.558 6.852 150.4 
6c-3(BOHZAZ') 3.547 3.584 5.164 92.8 
6c-4 3.550 3.784 5.293 92.4 
6c-6 3.464 3.656 7.087 169.8 
6e-2 3.509 3.683 6.183 118.5 
Mean 3.63 6.58 140 
S. D. 0.12 0.85 31 
Table 7.38 - The non-bonded mteractions between the tertiary amino groups and inc suirate nianion in 
the nine observed structures. 
The most obvious feature of these distributions is that they are far broader than have 
been observed for other types of structural parameters examined in this thesis. This is 
not surprising, as all the previous distributions have involved inira-molecular 
interactions as opposed to inter-molecular interactions. However, the feature of note 
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is that the N62...S1S distances vary less than the N ... N distances and N... S ... N 
angles. The results to date suggest that the N ... N distance has to be longer than 5 A, 
but other than that the position of the nitrogen atoms with respect to each other is 
unimportant, because the sulfate can be regarded as a spherical entity. This is 
supported by the parameter values observed by replacing the C3N—H groups in 
Figure 7.25 with X3N—H groups, where X is any atom (Table 7.39). The study 
searched for all N... S distances of less than 4.4 A, and also constrained the N—H. .. S 
non-bonded angle to be greater than 1200,  to ensure a reasonable orientation of the 
amine-sulfate hydrogen bond. There were 97 structures observed, giving 722 
fragments. 
N ... S(A) N...N(A) N ... S ... N(°) 
Mean 3.81 5.86 106 
S. D. 0.20 1.21 32 
Nf 	(N,) 1444 (97) 722 (97) 722 (97) 
Mm 3.42 3.36 53.3 
Max 4.39 8.62 180 	- 	 - 
Table 7.39 - The observed parameters aennmg nyarogen oonamg to me sunate waiuun. INOLC UI4L U1 
N ... N and N... S ... N parameters are strongly correlated and are two ways of giving the same result As 
a statistical distribution both parameters are meaningless. 
7.7.2 Position of sulfate oxygen atoms 
The position of the oxygen atoms in the sulfate dianion with respect to the N62 
hydrogen bond donor are important in understanding the orientation of the N-
H ... 0S03 hydrogen bond. A search in the CSD for any structure with one tertiary 
amine group oriented towards a sulfate so as to find a hydrogen bond gave a total of 
twelve structures41 . Using the CCDC's commercially available program ISOSTAR42 , 
the orientation of the tertiary amine was plotted against a superimposed sulfate anion, 
giving the pattern observed in Figure 7.26. This shows that the N—H group orients 
itself towards the sulfate in a position over that of an oxygen lone pair. Additionally, 
all the N—H groups lie along an 0.. .0 edge as opposed to over an 03 face. Figure 
7.27 is observed if all symmetry equivalents are generated, and plotted as a contour 
map around the sulfate dianion. Very specific placements are observed for the amino 
group- 
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Y 




Figure 7.27 - Contour plot of the positions of the tertiary ammo groups with respect to the central 
sulfate molecule. 
-218- 
Chapter 7– CSD study of metal-complexed salicylaldimines as extractants for metal salt 
7.8 Conclusions 
In conclusion, a good understanding of the nature of the salicylaldimine-metal 
structures has been reached for square planar nickel(H) and copper(II), and for 
octahedral nickel(ll). Although the distributions of the bonding parameters (Table 
7.40) are associated with fairly high standard deviations, certain trends can be stated 
with confidence. Metal to phenolate oxygen bonds are shorter than the metal to imine 
nitrogen bonds. Variations of bond length, chelate angle and bite distances are 
consistent with the bonding radii of the metals falling in the order Ni(ll) low spin < 
Cu(H) planar < Ni(ll) high spin (six coordinate). This rule of thumb will have 
significance in designing the cavities defined by the salicylaldiminato units to achieve 
selectivity of metal complexation. 
Ni (low spin, planar) Cu (planar) 
Ni (high spin, six 
coordinate) 
O1—M (A) 1.842(18) 1.892(17) 2.016(29) 
N2—M (A) 1.855(21) 1.944(22) 2.038(27)* 
(N2. . .N2 in chelate)  
N2—M (A) 1.916(13) 1.997(22) * 
(N2. . .N2 in chelate)  
O1 ... N2 (A) 2.718(20) 2.794(31) 2.847(40) 
01—M—N2 (A) 94.2(14) 92.9(17) 89.3(24) 
Table 7.40 - A comparison 01 the bond iengtns anct angies anu oite aistances in saucyiaiaimuiato 
chelate complexes of nickel(H) (low and high spin) and copper(H) complexes. 
* Values marked with an asterix indicate those that could not be separated due to a small sample size. 
Subtle variations in the overall conformations of the quadridentate ("salen-like") and 
bis-bidentate complexes with respect to orientation of chelating units relative to the 
coordination plane will influence the templating of the pendant tertiary ammonium 
units for binding of sulfate ions. 
The analysis of the structures in this chapter has allowed the parameterisation of the 
UFF1. 02,  and is applied to the design of solvent extractants in Chapter 8. 
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8.1 Introduction 
As stated in section 6. 1, the aim of the molecular modelling described in this section 
of the thesis is to facilitate the design of new solvent extractants. Molecular 
mechanics calculations are well suited to this sort of study as they enable the 
examination of a high number of different compounds in a short time. Density 
Functional Theory (DFT) calculations have not yet been used on these structures, 
although they may be found to be useful as the project continues. 
The transition metal parameters in the UFF include one atom-type each for nickel and 
copper. The copper atom-type (Cu3+1) is designed for tetrahedral copper(I) and is of 
no use to this project. The nickel atom-type (Ni4+2) is a square planar nickel(H) 
cation and was parameterised 1  using the structure of bis-(N-allylsalicylidineiminato) 
nickel(ll). This chapter confirms the parameters to be suitable for this system. To 
model the systems in chapter 6 at least two new atom-types are therefore required - 
square planar copper(H) and octahedral nickel(II). In addition to these, other atom-
types were also required, and these are described in section 8.2. 
Little work has been published previously on molecular mechanics calculations on the 
salicylaldimine ligand and nickel, although such work as has been carried out on these 
ligands is likely to be confidential and unpublished. The paper that has been 
published is of a biological nature  and tells us little about the binding of 
salicylaldimine ligands to metal atoms. 
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8.2 Parameterisation of UFF1.02 
Using the results obtained from the analysis of structures in the CSD 3 (see chapter 7) 
some new parameters have been derived for the UFF1.02 1 available within the Open 
Force Field module in CERIUS2 4. These parameters enable the reproduction of 
known structures (Section 7.8) and consequently can be used for the design of new 
complexing agents. Three important factors are used in setting up each model - 
atom-types, bond-types and chemical knowledge. Setting up atom and bond-types are 
shown below, but it is also important to start in a chemically reasonable geometry to 
prevent the structure falling into a false energy minimum. A guide to setting up a 
calculation is also included. 
8.2.1 Atom-types 
The atom-types generated have been named in accordance with the UFF1.02 rules'. 
These state that the first two characters of the name give the element and the second 
two refer to the properties of that atom-type. For example, the symbol Ni6+2 refers to 
nickel with pseudo-octahedral co-ordination (indicated by the number 6, the internal 
definition) and in the oxidation state +2. A brief description of each element is 
included. 






Tngonal planar carbon atom double TngOnal planar 0.70 120 
bonded to donor nitrogen atom.  
Trigonal planar nitrogen donor atom in 
N_2sb ligands with a bridge to a similar Trigonal planar 0.70 130 
nitrogen donor.  
N 2su _ Trigonal planar nitrogen donor atom Trigonal planar 0.73 130 an unbridged ligand.  
O_2s 
Non-linear 2 coordinate oxygen donor Trigonal planar 0.70 120 
atom.  
Cu4+2 
Square planar copper in formal +2 Square planar 1.27 90 
oxidation  state.  
Ni6+2 
Octahedral nickel in formal +2 1.35 90 
oxidation state. 
Table sa - Tile atom-types aacieci to tile UN 1.02 lOT me sancyiaiaunine compounus. 
In addition to these parameters the default Ni4+2 atom already parameterised for the 
UFF1 .02 was found to represent well the square planar nickel in the formal oxidation 
state of +2, as this atom-type was parameterised' from a nickel(II) salicylaldimine 




Chapter 8—Modelling and design of new salicylaldimine ligands as extractants for metal salts 
N_2sb or N2su depending on whether or not the nitrogen is part of a chelate 
involving a similar imino nitrogen atom. Square planar metals were typed as M4+2 
and octahedral nickel was typed as Ni6+2. The default calculated values were used 
for all other atoms in the molecules. Molecular mechanics parameters for the sulfate 
dianion are discussed in section 8.3. Charges were calculated using the charge 
equilibration method. 
8.2.2 Bond-types 
Correct bond-typing is also an important consideration. Figure 8.1 shows the standard 
bond-type setup for the three compound types - free ligand, square-planar metal 
complex and octahedral metal complex. 
Figure 8.1 - Bond typing used in calculations. Dashed lines indicate bond types which will vary 
according to the nature of the atoms involved. The aromatic ring and the CI-01 bond are typed as 
resonant, and the C2 1—N2 bond is a double bond. All other bonds are typed as single bonds. The 
hydrogen bond is shown in light blue. 
8.2.3 Restraints 
Restraints on the M—O distance were found to be necessary to prevent contraction of 
the bond to a value around 0.03 - 0.04 A shorter than expected. A weak restraint was 
also found to be necessary on the O_2s—H... N_2su and O_2s—H ... N_2sb 
hydrogen-bond angles to reproduce the observed orientation of the hydrogen bond in 
the free ligand. The three bond length restraints were applied implicitly within the 
force-field, but the non-bonded restraints have to be applied explicitly. 
Restraint Value Force constant (kcal mo1 1) 
0bond length _2s—Ni4+2 1.85 A 700 
0bond length _2s—Cu4+2 1.91 A 700 
0bond length _2s—Ni6+2 2.05 A 700 
C2—C21—N2 ... O1 torsion 
angle in free ligand  
00 100 
O—H ... N angle in free ligand 1400 100 
N ... O distance in free Ii and 2.55 A 700 
Table 8.2 - The resiraints used with the UN I .U2 tor tne sancylaicirnune compounas. 
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8.2.4 Setting up a molecular mechanics calculation for metal salt 
extractants 
The final part of this section gives the instructions for setting up a model within 
CERIUS2 and enabling minimisation. 
Generation of the molecule in the sketcher. The molecule was placed in an 
approximate, chemically reasonable configuration to prevent an unrealistic answer. 
Classification of the bonds. All bond types were selected to be chemically 
reasonable. In particular attention was paid to the salicylaldimine group, which was 
bond-typed as in Figure 8.1. 
Classification of the atoms. This was done using the customised version of 
the UFF1.02. In particular, attention was paid to the new atom-types and these were 
irpedasin Table 8.1. - 
Application of restraints. Any restraints, as listed in Table 8.2, were placed 
on the appropriate parameter. 
Calculation of charges. Care was taken when calculating the charges, using 
the charge equilibration method', to ensure that the charge on a particular fragment is 
correct. For example, if an extractant molecule contains both a metal dication and 
sulfate, it was confirmed that the charge on the metal-ligand residue was +2 and that 
on the sulfate was —2. 
Minimisation of the energy. Care was taken to ensure that the structure did not find 
a false minimum. This was done simulating Monte Carlo methods, by altering the 
starting geometry of the energy minimisation process and by comparing the resultant 
optimised energies and choosing the lowest energy structure. 
Analysis of the results. All structures were analysed in detail before drawing 
any conclusions. 
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8.3 Reproduction of metal geometry 
As in Chapter 5, reproduction of known structures was considered important to 
establish the validity of the force-field 6 . However, with a greater sample set for this 
project it was not practical to reproduce all of the database salicylaldimine structures, 
so only the structures analysed at Edinburgh were used to validate the forcefield. The 
reproduction of the structures will be divided into two sections, based on the metal 
environment (discussed here) and the anion environment (section 8.4). 
The root mean square fit calculations 7 include only the central salicylaldimine ligand 
atoms 01, Cl, C2, C21, N2, C3, C4, C5 and C6, the atoms bridging two or more N2 
atoms and any metal atom present in the structure. Hydrogen positions were not 
included. The groups attached to C4 are not included as the geometry of these can 
depend on crystal packing forces, with low energy differences between 
conformations. The atoms attached to C6 are dealt with in section 8.5. The results of 
these reproductions are shown in Table 8.3. 
Superimposition of modelled structure on crystal 
Structure RMS fit No. of atoms structure 
6a-1 0.926 20 
6a-2 0.433 24 
 
6a-3 1.021 30 
Table 8.3 - The Root Mean Square fits of the modelled structures to the molecules observed in the 
crystal structures. The crystal structures are shown in orange. The modelled structures have Ni in 
green, Cu in cyar. S in yellow, N in blue, 0 in red, C in grey. All hydrogen atoms are omitted for 
clarity. 
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1>- 
6b-1 0.564 	34 
6c-1 0.576 	21 
6c-2 0.535 	21 
6c-38 0.356 	21 
6c-4 0.575 	21 
6c-5 0.187 	21 
6c 0.289 	25 
6c-7 0.192 	25 
Table 8.3 (cont) - The root mean square fits of the modelled structures to the molecules observed in 
the crystal structures. The crystal structures are shown in orange. The modelled structures have Ni in 
green, Cu in cyan, S in yellow, N in blue. 0 in red, C in grey. All hydrogen atoms are omitted for 
clarity.  
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6c-8 0.197 21 	
- 
6c-9 0.578 21 
6c-10 0.428 21 
6e-1 0.364 35 
6e-2 0.399 35 
6e.-3 0.219 35 
6e4 0.129 27 
61-1 0.403 33 
Table 8.3 (cont.) - The root mean square fits of the modelled structures to the molecules observed in 
the crystal structures. The crystal structures are shown in orange. The modelled structures have Ni in 
green, Cu in cyan, S in yellow, N in blue, 0 in red, C in grey. All hydrogen atoms are omitted for 
clarity. 
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A range of values for the RMS fit is observed. From these values it is observed that 
the compounds containing octahedral nickel(H) (structures 6e-1 to 6e-4 and 6f-1) are 
particularly well modelled, whereas those that contain a square planar cation are less 
well modelled (structures 6c-1 to 6c-10), and the free ligand structures the worst of all 
(structures 6a-1 to 6a-3 and 6b-1). Structure 6d-1 is not modelled (see chapter 6). It 
is useful to study the free ligand and square planar cation models to see in which ways 
these do not represent the observed structures. The principal bond lengths for the free 













N2 ... O1 
A 
CSD 1.348(13) 1.412(15) 1.438(18) 1.282(11) 1.423(17) 1.477(18) 2.580(41) 
1.336 1.416 1.448 1.286 - 1.478 2.667 
6a-1 1.336 1.416 1.448 1.286 - 1.478 2.667 
1.336 1.418 1.450 1.284 - 1.477 2.663 
a- 6 2 1.337 1.419 1.449 1.284 - 1.477 2.664 
1.334 1.418 1.449 1.286 1.456 - 2.668 
6a-3 1.334 1.417 1.448 1.286 1.456 - 2.668 
1.336 1.420 1.444 1.285 - 1.478 2.668 
6b-1 1.336 1.419 1.446 1.285 - 1.479 2.669 
1.335 1.418 1.445 1.285 - 1.476 2.666 
fable 8.4 - 1'nncipal DOflU iengtns ior me iiee ugana moueis, ior cuiuplrisuii WIUL Uir. 	VdIU. 
The modelled values are all consistent with the values derived from the CSD values, with only the 
aromatic N2-C22 bond length and the non-bonded N2. . .01 distance being consistently slightly high. 
These values are observed to match the mean values obtained in chapter 7 from the 
CSD3 . They can also be compared with the values in the observed crystal structures, 
given in chapter 6. As a consequence of the high values for RMS fits of the ligands 
there might be expected to be a difference between the observed and modelled bond 
lengths and angles. This is not the case, and the values for bond angles are also 
representative of the observed values. The problem lies in the free torsion angles in 
the N ... N bridge. With nothing to constrain them these ligands are in an extended 
conformation. The modelled structures do not match the observed free torsion angles, 
thus introducing a small error, even though the individual salicylaldimine fragments 
are well matched. This is due to a shallow, broad energy well being associated with 
these bond torsion angles. 
A similar study of the principal bond lengths and angles can be performed for the 
square planar metal cations (Tables 8.5 and 8.6 for Ni2 and Tables 8.7 and 8.8 for 
Cu2 ). Once again, the modelled values match the observed structures well. The 
modelled N2-C22 bond length is slightly longer than the observed values, 
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principally due to the steric effect of having an aromatic group bridging the two N2 
atoms. In the square planar nickel(II) and copper(H) complexes the larger RMS 
values are a failure to model the boat/chair conformations of the chelate units. This is 
probably an effect of both crystal packing and the orientation of the pendant arms, and 
the failure to model this is not of great consequence. 
The imine bond lengths used in 6c-7 for the N2. . .N2 bridges derived from 
diaminomaleonitnie was based on the assumption that this was a conjugated system 
analogous to an anil. In practice the C-N length is intermediate between that for an 













N2 ... O1 
A 
CSD 1.308 1.412 1.438 1.294 1.423 1.477 2.718 
6 	1 
1.325 1.406 1.445 1.289 - 1.476 2.672 
1.322 1.402 1.444 1.291 - 1.487 2.712 
1.322 1.404 1.445 1.292 - 1.489 2.721 
6c-3 1.323 1.403 1.448 1.292 - 1.475 2.663 
1.320 1.399 1.444 1.295 - 1.482 2.715 
6c- 1.321 1.399 1.444 1.295 - 1.482 2.719 
1.324 1.402 1.446 1.297 - 1.483 2.690 
6c-6 1.321 1.398 1.446 1.298 - 1.495 2.730 
1.318 1.397 1.445 1.298 1.457 - 2.712 
6c-7 1.319 1.399 1.444 1.296 1.457 - 2.716 
1.321 1.399 1.444 1.295 - 1.482 2.717 
6c-8 1.320 1.399 1.445 1.295 - 1.482 2.716 
1.321 1.400 1.445 1.294 - 1.485 2.720 
6c-10 1.323 1.402 1.445 1.293 - 1.478 2.696 
Table 8.5 - Principal bond lengths tor the modelled square pianar mcKeiJi) compiexes comparea wan 
CSD values. The modelled values are all consistent with the CSD values, with only the aromatic N2- 












-€22 O  
N2-Nil 
-010 
CSD 1.842 1.855 123.7 121.2 125.6 119.5 94.2 
1.842 1.845 121.4 121.6 122.5 123.7 92.9 
6c-1 1.842 1.866 121.7 122.4 123.8 120.8 94.0 
6c-3 
1.843 1.872 121.5 123.0 124.6 120.4 94.2 
1.836 1.851 121.1 121.4 122.8 123.7 92.5 
6c-5 
1.839 1.876 121.9 122.9 124.6 120.4 93.9 
1.841 1.876 121.9 123.0 124.7 120.3 94.0 
6c -6 
1.840 1.869 121.6 122.3 123.8 125.4 93.0 
1.840 1.890 121.8 123.0 125.0 123.0 94.1 
1.833 1.877 122.1 122.8 124.7 122.7 93.9 
6c-7 
1.839 1.874 121.8 123.0 121.6 122.7 94.0 
6c-8 
1.841 1.875 121.9 122.9 124.7 120.4 94.0 
1.838 1.877 122.0 122.8 124.8 120.2 93.9 
F 0 1.839 1.877 122.0 122.9 124.8 120.2 94.1 6c-1 1.840 1.863 121.7 122.4 123.9 121.9 93.4 
Table 8.6 - Principal bond Lengtfls and angles tor me moaeiieci square planar mCiel1l) compiexes 
compared with CSD values. The model is consistent with the observed CSD values. 
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N2 ... O1 
A 
CSD 1.308 1.412 1.438 1.288 1.423 _1.477 2.794 
1.318 1.412 1.452 1.291 - _1.494 2.809 
6c-2 1.322 1.415 1.451 1.288 - 1.488 2.781 
6c4 
1.319 1.414 1.454 1.292 - 1.492 2.780 
1.316 1.412 1.455 1.294 - 1.499 2.804 
6c-9 
1.313 1.410 1.454 1.293 - 1.498 2.825 
1.313 1.413 1.454 1.293 - 1.492 2.799 
Table 8.7 - Principal bond lengths and angles for the modelled square planar copper(H) complexes 
















CSD 1.892 1.944 123.9 122.8 126.0 119.7 92.9 
6c-2 
1.888 1.960 122.3 124.2 123.5 122.3 93.8 
1.889 1.937 122.1 123.9 122.6 124.7 93.2 
1.881 1.955 121.9 123.9 122.8 124.3 92.8 
6c-4 1.871 1.977 122.3 124.5 124.0 121.9 93.5 
6c-9 
1.891 1.972 122.0 124.9 124.8 121.3 93.9 
1.893 1.956 121.4 124.6 123.8 123.2 93.3 
Table 8.8 - Principal bond lengths and angles for the modelled square planar copper(H) complexes 
compared with the CSD values. The modelled values are all reasonably consistent with the CSD 
values. 
As the modelled octahedral nickel(H) structures match the observed structures well, a 
similar study of the octahedral nickel(II) compounds is not required. 
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8.4 Reproduction of anion geometry 
8.4.1 Modelling sulfate dianion - tertiary alkyl ammonium bonding 
Section 7.7 observed that the majority of the CSD structures contain bifurcated 
hydrogen bonds, with the N—H vector lying perpendicular to a sulfate 0.. .0 axis. A 
problem is observed for molecular mechanics calculations with the Universal Force 
Field, as the hydrogen bond optimises to a point over an 03 tetrahedral face of the 
sulfate when the sulfate is modelled as five distinct atoms. Very few structures are 
observed to hydrogen bond in this way (section 7.7), so a different method of 
modelling the dianion is required. As a result of the high symmetry around the sulfur 
atom, it is possible to model the whole anion as a spherical entity with a single force 
field atom type. This omits the oxygen atoms from the calculation. If the oxygen 
positions are of interest they can be placed on the optimised structure in idealised 
positions based on the results in section 7.7 
8.4.2 Using a spherical model for the sulfate dianion 
To derive the parameters for the new atom-type 
(named 5_mol) the system in Figure 8.2 was 	Me 	 Me 
used. The non-bonded interactions are dealt 
Me11 J "1 	 H,' \tIMe 
9 	 . ' 	Me with by a Lennard Jones 6-12 potential , as M 
described in Chapter 5. By placing an overall 	
'S_mol' 
Figure 8.2 - The fragment used to 
+2 charge on the two tertiary amine groups, an calculate the S_mo! atom-type 
parameters for the Lennard-Jones 6-12 
overall -2 charge on the sulfate and then 	potential. The minimised non-bonded 
orienting the hydrogen atoms to point to the 
distances and angles are shown. 
sulfate, the system was minimised and the tertiary amine groups moved to a certain 
distance from the sulfate dianion. The B term (see Figure 1.2) dominates in close 
range interactions, so this was set to be the UFF' and CERIUS2 4 default value for 
oxygen as the oxygen atoms will be on the outside. The A term (see Chapter 5) was 
then adjusted so as to give the observed mean for tertiary amine to sulfate hydrogen 
bonds as shown in Chapter 7. The resulting values for A and B are shown in Table 
8.9. The van der Waals radius of the sulfate was derived from the standard S—O 
bond length' °" in sulfate plus the van der Waals radius of an oxygen atom 12 . 
-233- 
Chapter 8 - AiodeIlinc and design of new salicvkildirnine ligands as extractantv for metal salts 
Atom type A B van der Waals radius (A) 
S_mol 4.8 0.06 - 	2.99 	- 
Table 8.9 - The values ot A an(I tJ usea in me Lennaru-Jones o-tz moqi USCU LU UIUUCL ULC LLUU 
bonded interactions of the sulfate dianion. 
There have been three different methods of encapsulating an unbound sulfate dianion 
observed in the structures determined locally (Chapter 6, Figure 8.3). Reproducing 
these is an important part of validating the sulfate atom-type (Table 8.10). 
. 
Infinite chains (2) &2} Encapsulation by one molecule 
Encapsulation by two molecules 
Figure 8.3 - The three methods of sulfate binding observed in local crystal structures. The ligand is 
shown as a black line, the metal cation is in green and the sulfate anion in yellow. Hydrogen bonds are 
shown in blue. The structures showing these arrangements are 6c-3, 6c4. 6c-6 and 6e-2. 
No. of Superimposition of modelled structure on crystal 
Structure RMS fit atoms structure 
\ 
6c-3 0.374 36 
6c4 0.519 36 / 
6c-6 3.298 80 
Table 8.10 - The RMS fits of modelled structures to molecules observed in the crystal structures. The 
crystal structures are shown in orange. The models have Ni in green. Cu in cyan, S in yellow, 0 in red 
N in blue and C in grey. The van-der Waals surface of the spherical sulfate dianion is shown in yellow. 
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Structure RMS fit 
No. of 
atoms 
Superimposition of modelled structure on crystal 
structure 
6e-2 1.937 99 <'$ 
Table 8.10 (cont.) - The RMS fits of modelled structures to molecules observed in the crystal 
structures. The crystal structures are shown in orange. The models have Ni in green, Cu in cyan, S in 
yellow. 0 in red N in blue and C In grey. The van-der Waals surface of the spherical sulfate dianion is 
shown in yellow. 
Although the RMS values for the latter two motifs are high (Table 8.10), this is due to 
the large number of inter-molecular contacts in these motifs. The individual 
molecules are matched reasonably well. However, as intermolecular interactions have 
intrinsically broader and shallower energy minima than bonded interactions, larger 
deviations are inevitably going to be introduced at this stage. The sulfate dianion is 
well matched in the one molecule encapsulation mode (6c-3 and 6c-4), although less 
good in the other models. This fact is unsurprising as this mode is the closest to being 
an unimolecular system. Because of the broad potential energy well for inter -
molecular contacts mentioned above, a system with a greater number of discrete 
molecules is more likely to have a larger RMS fit. This is particularly true in 
structure 6e-2, as the system has been modelled as a small molecular entity and not as 
a polymeric chain. 
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8.5 Design of new octahedral metal coordinating sites 
In Chapter 6 it was seen that the sulfate is not being encapsulated by the octahedral 
ligands in the desired manner. Of the three possible modes of extraction seen in 
section 8.4, only the first two "encapsulation motifs", as opposed to the infinite 
chains, are likely to allow reasonable solubility in the organic phase. Both of these 
modes-of-extraction have a similar arrangement of the pendant amine arms, and 
neither of these arrangements are observed for the linear octahedral donor set (crystal 
structure 6e-2). It is therefore necessary to rethink the design strategy. 
To keep the anion-binding cavity defined by 	 R 	R 
pendant tertiary amines the same shape as in the 	Hiis 	-.H 
quadridentate salen-like ligands, a square planar 	Sal —N' 	"N— Sal 
geometry is required for the N 202 donor set. 
This means a trans-conformation is required for 
the other two donors. For ease of synthesis a 
symmetric ligand is desired and it is desirable to 
Figure 8.4- The type of 
symmetrically branched bridge that 
could be used to provide two trans- 
donors above and below the N 2022 
salen plane in octahedral nickel(II) 
complexes. 
locate the other two donors is on the bridge. If a branched bridge is used (Figure 8.4), 
then it becomes possible to construct the models in Figure 8.5. The trans-donors used 
should ideally be uncharged to keep the whole complex neutral, whilst being quite 
weak ligands for nickel(H) to allow removal of the metal cation. To this end the ideal 
groups are probably ether, thioether or tertiary amine donors. 






Figure 8.5 - Two possible structures with branched N... N bridges. Some possible X groups are We, 
SMe or N(Me) 2 . 
Only one structure exists within the database for a metal cation coordinated in this 
manner (CSD reference code LECBOK 13 ). The metal used is cobalt (Figure 8.6), but 
the ethane bridge has been shown by previous structures (see Chapter 6) to be ideal 
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for the nickel(1I) cation. This structure acts as a proof of concept for an arrangement 
of two salicylaldimine groups around an octahedral metal cation, with two arms from 




0 	==N N= 	0 
Figure 8.6 - CSD reference code LECBOK. The structure on the right shows a schematic of the 
crystal structure (left). Hydrogen atoms are omitted from the crystal structure for clarity. Co is 
magenta, N is blue, 0 is red and C is grey. 
Two possible connecting groups can be designed for the ligand, using either aromatic 
or aliphatic bridges. In addition, the ether, thioether or tertiary amine could be 
functionalised with long hydrocarbon groups to increase solubility in organic 
solvents. To test the efficacy of the design hypothesis, some of these six simple 
ligands need to be synthesised and tested for their solvent extraction ability. This is 
work currently in progress. Figure 8.7 gives a space-filling model of the [X 
N(Me)2, R = aliphatic] structure. The S_R and default nitrogen atom-types reproduce 
the standard' °  bond lengths and angles for the sulfur and nitrogen species 
respectively. However, a restraint was required on the Ni—O bond lengths in ethers 
(Table 8.11) to reproduce the observed (Section 7.6.3) and standard' ° bond length. 
Restraint Value Force constant (kcal moE 1 A 2) 
ether O—Ni6+2 bond length 2.20 A 	- 100 
Table 8.11 - I ne Dona iengm resirami requireu to dWdtVI Icpifi.&u 	uii - 
coordination behaviour. 
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AF 
Figure 8.7 - A space filling model of the X = N(Me) 2. R = aliphatic model. The octahedral nickel(1I) 
cation is protected within the hydrophobic cavity, leaving only the outer carbon (grey) and hydrogen 
(beige) atoms visible. 
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8.6 Design of new anion binding groups 
If the model is based on a planar N 202 donor set from 	- 
a "salen-like" ligand (Figure 8.8), then the separation 
(a) of the 0. . .0 donors is defined by the Ni(II) ion 
and thus a remains approximately constant. This in 
turn defines the maximum separation of the N62 	/\ o'(* 	
/ 
atoms (b) and therefore the separation of the attached 
protons (c). This restriction means that the N...S ... N 	N 
(CH,J 
arrangement can never be truly linear, as the Figure 8.8-Models of this form 
maximum separation of the two N62 atoms in the 	were constructed and energy 
minimised, with n taking all values 
Edinburgh structures is 5.2 A (structure 6c-3) with a 	 from 4 to 10. 
central Ni(II) ion. A linear arrangement would give an N ... N length of about 7.1 A 
(CSD refcodes CIMNAN' 4, SEBCEH' 5 and 6e-2). As a consequence the N62 atoms 
will address only a small segment of the sphere defined by the sulfate ion. In order to 
most effectively extract the sulfate from an aqueous medium into a solution of the 
extractant in a water-immiscible non-polar solvent such as kerosene it is desirable to 
screen the polar sulfate atoms from the surrounding solvent molecules using 
hydrocarbon "straps" between the N62 atoms. Models were constructed of the type 
shown in Figure 8.8, with n varying from 4 to 10, and the energy minimised. As the 
ultimate aim of this study is to design improved ligands for octahedral nickel(II), one 
of the ligands designed for this cation in section 8.5 was used for minimisation. 
It is not trivial to define geometrical criteria that measure the degree of encapsulation. 
On the basis of the discussion above, an encapsulated S04 2 ion will have its S-atom 
close to the centroid of the straps between the N62 atoms. Also, to minimise the 
dipole on the associated ions it is desirable to have a linear arrangement of the 
N62... S ... N62 atoms. This latter criterion is best met by the ligands (Table 8.12) 
with either 8 or 9 —CH2— groups between the two nitrogen atoms i.e. the ligands 
derived from I ,9-diazacyclohexadecane and 1,1 0-diazacyclododecane respectively. 
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N...S 

















Table 8.12—The energy minimised models for a variety of values of n. Ni is green, N is blue, 0 is 
red, S is yellow, C is grey and H is beige. All hydrogens except the tertiary ammo hydrogen atoms are 
omitted for clarity. The sulfate dianion is shown as a yellow ball, with the van der Waals surface 
shown as a red mesh. 
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9 3.39 
> 10 3.42 152.2 
Table 8.12 (cont.) - The energy minimised models for a variety of values of n. Ni is green, N is blue, 
0 is red, S is yellow. C is grey and H is beige. All hydrogens except the tertiary amino hydrogen 
atoms are omitted for clarity. The sulfate dianion is shown as a yellow ball, with the van der Waals 
surface shown as a red mesh. 
Using the definition of encapsulation as described above, this molecular mechanics 
study suggests that the minimum value of n for sulfate encapsulation is 8. However, 
this study also suggests that n = 7 will trap the sulfate between the macrocyclic 
pendant amines, without the anion directly entering the cavity. By synthesising both 
of these ligands it would be possible to determine whether encapsulation is observed. 
Figure 8.9 shows a space-filling model of the energy minimised structures for both n 








Figure 8.9 - Space-filling models of the energy-minimised structures for n = 7 (left) and n = 8. The 
structures are based on the design in section 8.5, with an aromatic bridge to a NMe 2 group. Ni is green. 
N is blue. 0 is red. C is grey and H is beige. The sulfate is shown in yellow as a sphere of van der 
Waals radius of 2.99 A. Only the n = 8 structure encapsulates the dianion. 
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A model of the 2:2 encapsulation mode (section 6.5. 1) with a bridge of size n = 8 
gives the structure in Figure 8.10. A space filling model is included (Figure 8.11). 
The modelled inter molecular distances and angles are shown in Table 8.13. 
Figure 8.10 - The modelled structure of an n = 8 bridged ligand in encapsulation mode 2. The bridges 
are all modelled as aliphatic carbon atoms and are shown in magenta and orange. All hydrogen atoms 
except for those involved in hydrogen bonding are omitted for clarity. Excluding bridging atoms, C is 
grey, 0 is red, N is blue. Ni is green and H is beige. The sulfate anion is represented by a yellow 
sphere. 
r r 
Figure 8.11 - The modelled structure of an n = 8 bridged ligand in encapsulation mode 2. The bridges 
are all modelled as aliphatic carbon atoms and are shown in magenta and orange. All hydrogen atoms 
except for those involved in hydrogen bonding are omitted for clarity. Excluding bridging atoms. C is 
grey. 0 is red N is blue, Ni is green and H is beige. The sulfate anion is represented by a yellow 
sphere. 
N62A ... S_mol (A) N62B ... S_mol (A N62A ... S_mol ... N62B (°) 
L - 	 3.34 3.37 1 	 128 
Table 8.13 - The non-bonded distances and angles between the centre 01 the sultate clianion and the 
two encapsulating N62 atoms. 
-242- 
Chapter R - t fodelling and design of new salicvlaldi,nine ljandc as extractants for metal salts 
8.7 Conclusions 
In conclusion, the salicylaldimine system proposed for metal salt extraction has been 
successfully modelled using molecular mechanics force-fields methods. This study 
has enabled a structural understanding of the system to be achieved, in particular with 
respect to the conformational preferences of both the octahedral and square planar 
systems, and the environmental requirements of the sulfate dianion. 
In particular the models have revealed some of the limitations of the current systems 
in setting up an ideal sulfate binding cavity. The structural analysis and molecular 
modelling can now be used to continue the design process either by continuing the 
current improvements to ligands which have a N2. . .N2 bridge, or by trying to design 
ligands to be built from the bottom up (Figure 8.12). 
C
N 
H 	 H 




Figure 8.12 - Schematic diagram of a 2:2:2 system that could be synthesised from the "bottom up". 
The molecular mechanics can help to design a system that has a linear N.. S ... N 
angle to minimise the resultant dipole and optimise the complex stability in kerosene. 
Thus this 2:2:2 assembly could be designed and built from the "bottom up". By 
rationalising and studying the structure system it has been possible to point out where 
the ligands for metal salt extractants can be improved. 
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Chapter 9— Conclusions 
In this thesis we have attempted to model two very different types of chemical system 
using a very similar strategy. The process of using observed crystallographic data 
retrieved from the CSD to model a variety of systems can be very successful. The 
principal problem is to recognise when the molecular mechanics parameters that have 
been developed are appropriate, and when a new set of parameters are required. The 
results produced by this approach will be a very useful and important guide for new 
systems in both the featured projects, and it is clear that the same approach can 
continue to be used in future systems of interest. 
In particular, the molecular modelling of hydrogen bonding is likely to prove a very 
useful tool for understanding the supramolecular assembly of many systems, from the 
mode-of-action of surface ligands', to the extraction of anions as has been illustrated 
in this thesis. As though to emphasise this, two papers 2 '3 have just been published on 
the importance of hydrogen bonding as the finishing touches were being put to this 
thesis. The future of molecular modelling seems very bright in relation to these self-
assembly systems. 
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